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Introductory  material  on  digital  computer#  has  been 

collected  Into  this  volume,  Tbs  first  six  memorandums  contain 

* 

the  text  and  llustratione  of  lectures  given  for  the  staff  of 
the  Electrical  Engineering  Department  at  M.  I.  T.  The  last 
report,  R-90,  discusses  characteristics  of  the  binary  systems 
of  numbers.  R-11S  and  E-116  are  papers  given  before  winter 
meetings  of  the  American  Institute  of  Bleetcdcal  Engineers  and 
the  Institute  of  Radio  Engineers. 

In  considering  the  lecture  series  material,  the 
reader  is  also  referred  to  volumes  1  and  2  discussing  the  Whirl¬ 
wind  program,  volumes  5,  6,  and  7  on  oomputer  block  diagrams  and 
volume  B  on  mathematloe. 
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Thia  firet  diecuflaioc  le  to  Introduoo  the  nature  of  electronic 
digital  computation  and  to  establish  the  vocabulary  aud  bade  concepts 
necessary  for  the  following  series  of  lectures* 

In  the  la  ft  several  electrical  engineering  seminars,  we  have 
hoard  discus a Iona  of  the  differential  analyser  and  analog  computers  Firet 
then,,  let  us  distinguish  clearly  between  analog  and  digital  type  computing 
equipment „  Th©  analog  computer  represents  numerical  values  by  the  magni¬ 
tude  jf  ft  physical  measurement,  as  for  example,,  the  voltage  in  an  A.C 
network  analyser  or  the  magnitude  of  a  shaft  rotation  in  the  differential 
analysar *  A  digital  computer,  on  the  other  hand,  uses  disorete  numerical 
value©  and  arithmetic  type  calculations*  In  illustration  A-3033?  w«  i»e a 
a  collection  of  analog  type  computing  elements  -  A  separate  circuit  cost* 
ponent  ie  used  for  each  computl ng  operation,  and  w a  not©  in  the  illus¬ 
tration  available  equipment  for  the  processes  of  addition,  amplification, 
integration,  introduction  of  time  delay  ancl  inversion  of  signal  In 
illustration  A- 30333  ie  a  typical  hookup  of  such  qomputlng  elements  for 
the  solution  of  ©.  problem  in  ordinary  differential  equations .  She 
nature  of  the  problem  is  described  by  the  physical  circuit  connections 
of  the  system*  As  herein  illustrated  numerical  values  are  represented  by 
voltages  on  the  Interconnecting  linos.  1’ha  solution  of  a  differentia], 
equation  by  this  method  la  theoretically  exact  because  the  network  la  4,0 
exact  and  continuous  representation  of  the  problem  to  be  solved.  However, 
practical  and  physical  limitations  arc  introduced  by  electrical  noise 
level,  mechanical  backlash,  circuit  non-linearities,  etc  As  &  result 
preclusion  of  one  part  In  one  thousand  is  good  for  analog  equipment  and 
on©  part  in  ten  thousand  is  perhaps  the  best,  obtainable, 
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Ro  .’orrtng  now  to  lllustiation  A~30.->t«3.  we  -iou  Uv.»  ,1  Iccic; 
iln&t&M  cf  a  digital  computer.  'I'l.e:  physical  uor-nectioae  oi  r.uci.  a 
system  arc  permanent  and  not  altered  for  the  problem  to  bo  solved 
Wuantltles  are  handle,  in  the  computer  as  muaericnl  value 4  and  c  i.a  ;<e 
carried  to  any  required  number  of  decimal  placer-  A  digital  ewaput^p 
requires  the  five  principal  functions  illustrated.,  The  cusputer  noi .  ;c 
withe innt leal,  scientific,  and  engineering  pron.’eoe  by  carrying  out  a 
series  of  arithmetic  stops  one  at.  a  time.  The  arithmetic  eleroout  oan 
carry  out  the  basio  operations  of  ar  it  lime  tic  and  other  essential  func tines 
to  be  described  Inter,  Storage  provides  the  required  "msmorj1*  for  .re 
tailing  the  program  which  cont-ols  the  aeries  of  numerical  steps  to  be 
executed  anti  likewise  provides  a  means  for  storing  partial  numerical 
reunite  during  the  procenu  of  a  computation. 

The  control  element  trovldes  the  timing  signals  for  the 
remainder  of  the  compumr*  In  operation  it  extracts  a  control  order  iron 
storage  ana  in  re  spons »  to  the  coded  information  therein  accompli  whet?  the 
next  required  numerical  step  li  the  computation 

The  Input  me  jltanism  provide b  a  communication  means  between  the  . 
human  operator  and  the  compute'*  iroblema  in  the  Icrrn  of  Initial  data  and 
controlling  program  will  be  prepared  in  coded  form  external  to  the  cow 
puter  on  photographic  'lira  or  'lire  tape  and  read  into  the  storage  element 
of  tho  computer  by  the  Input  mechanism* 

The  output  from  the  computer  ®ay  be  in  several  forma'  type  writ  ton 
for  isolated  results,  graphics-  for  engineering  data  lending  itself  to  this 
method,  and  digital  or  numerical  a >3  coded  information  on  photographic- 
film,  This  numerical  .nformat.cn  on  film  can  later  bo  used  fcy  the 
compT'.ter  itself  through  the  input  device  or  can  be  ds coded  and  typed  oy  a 
transcribing  unit*  .  ( 

It  is  readily  recognised  from  the  preceding  discussion  that  a 
digital  computer  le  ah  he  to  do  only  computing  operations  that  are 
possible  for  n  human  operator  wad  desk  calculating  machine  la. 
illustration  A-30340  i?  shown  the  correspondence  between  tho  Automatic 
digital  computer  and  a  human  computer.  The  input  provides  original  da  a 
and  instructions  for  the  problem  to  be  solved  Thin  information  is 
stored  in  a  notebook  corresponding  to  the  computing  machine  storage,  aw 
in  the  notebook  are  liitevlee  entered  partial  numerical  results  arising 
during  the  operation.  The  computing  machine  corresponds  to  the  arithmetic 
element  carrying  out  additions  multiplications,,  divisions  and  other  basic 
processes.  The  operator  acts  as  the  controlling  element  to  read  in¬ 
structions  from  the  noi  ebook  storage  and  to  carry  out  the  transfer  of 
numerical  values  betwei n  storage  and  the  arithmetic  element  Da livery 
of  final  re  unit  9  cor  ret  ponds  t<  tho  machine  oxitp.it. 
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One  of  the  o  dost  forma  of  digital  computing  equlpmer  u; 
Illustrated  in  A-30341  In  If  >3  tho  British  5o/erx;B*?  at  first  ilu-moei 
the  construction  of  a  arge  sc  cle  an  to  Ratio  digital  computing  Machine 
taxed  on  mechanical  op  ration.  This  machine  was  never  completed 
because  of  inadequate  aohine  .ooIb  and  production  facilities  at  th*  t 
time.  Digital  computi  sg  equip  sent  progressed  through  tho  adding 
machine,  various  forms  of  desk  calculators*  and  punched  card  business 
machines  to  the  Harvar  Automa ,io  Sequence  Control  Calculator. 

Mechanical  equipment  it  inhere ltly  slovt  and  digital  computing  equipment 
has  been  built  using  relays,  and  still  faster  and  more  flexible  equip¬ 
ment  is  being  designed  with  eljctronic  circuits. 

Returning  no'f  to  further  comparisons  between  analog  and  digital 
equipment,  we  note  in  .t-30342  the  usual  differential  nnnlyzer  schematic 
for  solution  of  a  second  order  linear  differential  equation.  An 
eleotrical  simulator  c  rcuit  for  the  same  problem  is  illustrated  in 
A-303-. 3 1  Tho ae  analog  methods  cf  solution  employ  a  continuous  flow  of 
data  and  continuous  change  of  mr tables. 


In  A-30344  a?  e  shown  the  steps  of  a  numerical  solution  for  tho 
second  order  differential  equation  with  zero  damping.  It  is  assumed  that 
all  variablen  are  known  at  time,  t^  and  the  previou.8  tine  Intervale 

t  j,  t  g,  etc.  A  curve  for  r  is  first  extrapolated  to  time  tft^  using 

the  first  formula.  Th:  s  is  th>  formula  for  second  order  extrapolation 
using  the  value  of  y  a1  t  and  t  .  and  the  vnlue  of  f  at,  time  t  .  The 

second  formula  is  then  used  to  obtain  the  upper  shaded  area  giving  the 
increment  in  the  curve  y«  A  s  icond  numerical  integration  for  the 
lower  shaded  area  give-.i  the  imremont  in  curve  y' .  The  negative  of  this 
last  point  1b  used  as  t  correction  for  the  original  extrapolated  value 


Of  y . .  Dr.  Loud,  in  his  lec -ure  of  this  series. 


will  discuss  numerical 


integration  and  its  ooi  vergenc  »  considerations  in  more  detail.  Depending 


on  the  nature  of  the  pj  oblem,  terative  procedures  of  integration  and 


more  elegant  extrapola*  ion  and  integration  formulae  mry  be  used. 


Ac  an  illustj  ation  o  '  digital  computing  machine  operation, 
let  us  consider  the  sol  ution  of  the  second  order  determinant  in  A-3034& 
Before  setting  up  the  s  olution  of  this  problem,  refer  to  A- 3034?  for 
greater  detail  in  the  (igltnl  computing  machine  block  diagram.  Here 
we  illustrate  the  arithmetic  element  as  sat  up  for  multiplication  using 
the  A  register,  AR,  for  the  sni.tiplicand.  the  B  register,  BH  for  the 
multiplier  and  the  acct  mulator  register,  AC  for  the  produi  *  Storage 
is  likewise  shown  divided  into  many  separate  .register!  numbered  for 
identification  purpose i  in  numerical  order. 
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lx.  A-30348  1c  shown  the  required  program  for  solving  th-r 
second  order  determinant  prob  em<  Thu  information  appearing  li  storage 
registers  Si  through  Sll  la  a<,  t  up  ahead  o l.  la»  on.  111m  and  r<  nd  by 
the  Input  raucnanism  of  the  mu.  hlne  into  the  corresponding  atorr  <50 
locations.  In  the  storage  registers  SI  through  54,  are  located  the 
numerical  values  of  a,  bs  c,  jnd  d  representing  the  Initial  dn* a  of 
the  problem  Storage  regloto:  b  SB  through  Sll  are  tiffed,  for  the  required 
control  orders.  It  should  bo  borne  in  mini  that  the  informatitn  in  a 
storage  register  may,  depending  on  how  it  is. used,,  represent  either  a 
numerical  value  or  a  control  « rder  coded  in  numerical  terms  The  stops 
In  the  control  program  are  itemized  below  and  are  carried  out  in  the  order 
in  which  they  appear  in  storage. 

S5o  Trannfer  contents  of  register  S3  to  multiplier  register 
BR»  This  means  that  the  value  (b),  stored  in  32,  is  transferred  to 
the  multiplier  register  of  thi  arithmetic  element. 

S60  Transfer  contents  of  S3  to  the  register  -AS.  and  multiply, 
This  means  that  the  numerical  value  (c)  Is  transferred  to  the  multi¬ 
plicand  register  of  the  arithimtic  element  and  is  multiplied  by  the 
number  previously  transferred  to  the  multiplier.  At  the  end  of  this 
operation,  the  product  reside i  in  the  accumulator  register. 

S7.  Transfer  number  in  accumulator  to  storage  S12  This 
means  that  the  product  (he)  which  was  in  the  accumulator  la  transferred 
to  an  esqjty  storage  register  >12*  We  must  next  form  the  product  "ad), 

S80  Transfer  contents  of  SI  to  multiplier  register  IKi-  This 
means  that  the  numerical  valu,  of  (a)  is  moved  from  storage  location 
SI  to  the  multiplier  register  of  the  arithmetic  element, 

S9«  Transfer  conte  ,t 3  of  S4  to  register  AR  and  multiply 
This  means  that  the  numerical  value  (d)  is  transferred  to  the  multi¬ 
plicand  register  of  the  arlthietlc  element  and  multiplied  by  (a)  which 
has  been  left  in  the  multiplier  register =■  At  the  end  of  thi 3  operation 
the  produot  tad)  is  In  the  nc -.umulntor  register  AC. 

The  next  operation  ?111  be  the  Indicated  subtraction  of 
(ad-bo).  The  product  tad)  is  in  the  accumulator  register. AC  ad)  can 
remain  in  the  accumulator  reg  ster  and  the  next  operation  will  move 
the  previously  formed  product  (bo)  from  its  .location,  in  312  to  the 
register  AB 


S10 ,  Transfer  contents  of  313  to  the  register  AR  and 
subtract.  At  the  end  of  this  operation  the  difference  (ad-bc)  is  In 
the  accumulator  register. 
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311  Transfer  the  c  a tent a  of  accumulator  r.c*  the  output 
Thie  wshiis  that  the  final  re»»x  t  of  th^  computatioa  '  a  r.v  liable  at 
the  machine  output 

It  will  l>a  obeervoA  h*.t  the  use  of  storage  register  S12  for 
the  partial  result  (he)  was  no’  leceasar/  elnce  ths  numerical  value  of 
(h)  in  storage  register  S2  had  already  been  used  and  the  newly  formed 
product  might  have  been  stored  in  S2-. 

Such  a  problem  as  th<  previous  example  la  obviously  too 
simple  to  justify  use  of  a  lar^a  scale  digital  computer*  However,  many 
problems  of  scientific  and  engineering  importance  Involve  computation* 
bo  extensive  that  the  facility  a  of  illustration  A-3G-.H9  become 
inadequate,  too  expansive,  too  tostly,  and  consume  so  much  time  that 
the  results  when  available  are  no  longer  of  interest 

Problems  too  extensive  for  manual  calculating  machine  solution 
are  represented  by  the  or dinar,  differential  equations  describing 
servomechanisms  and  automatic  control  systems  including  non-linear 
character! sties  of  circuit  eleiante,  backlash*  and  Coulomb  friction;  by 
the  partial  differential  equations  of  electromagnetic  fieldn  and  heat 
transfer;  by  the  algebraic  equttlons  with  complex  coefficients  repre¬ 
senting  altercating  current  net  work 3  ami  stress  and  vibration  problems; 
and  by  the  multiplication  of  at  trices  and  summation  of  aerie  tv  involved 
in  other  problems 

The  basic  operations  to  be  performed  by  a.  digital  computer 
are  tabulated  in  A-30350 „  The  computer  solvos  problems  on  an  nrJ thmotloal 
basis  using  the  processes  of  addition,  subtraction  salt. iplloat Ion,  and 
division*  Other  operations  sue  1  aa  integration  end  extraction  of  roots 
can  be  performed  by  series  and  iterative  procedures  a 3  will  be  described 
in  the  next  lecture  by  Mr,  Everett Beyond  the  basic  arithmetic 
operations  two  other  functions,  compariuori  and  the  substitution  order, 
are  essential  to  the  efficient  <uvd  flexible  uoe  of  a  digital  computer 
The  comparison  order  makes  posrlble  a  choice  between  two  alternate 
computing  sequences  depending  cr  the  outcome  of  the  numerical  result. s 
of  the  computation  itself.  The  substitution  order  makes  possible  the 
insertion  of  computed  result, a  Into  the  controlling  program  for  the 
computation.  Necessity  for  the  comparison  order  can  be  illustrated 
in  the  handling  of  Coulomb  friction  and  necessity  for  the  substitution 
order  oan  be  illustrated  in  the  process  of  interpolation 

Coneidex  first  the  Cc  O.omb  friction  problem  illustrated  in 
A- 30531  where  the  friction  fore v>  is  equel  to  or  less  than  a  specified 
maximum  force®  Acceleration  of  the  inner  results  from  --.he  munmatJum  of 
Coulomb  and  externally  supplier  forces-  Steps  in  the  solution  of  this 
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probi-no  using  ooorpnr  ;aon  ordt.r  \  in  lllt.mretf  d  In  A  -‘'J.yf-  Fy-  iw 
purposes  of  this  diacusnior.,  e  wume  that  tie  cempv.l*-*.'  cart  dt stiuyk 
between  the  two  eases 


1.  the  masts  •  Is  propter  than  ?  c ro 

i:..  the  nurnibc  ,•  le  equal  to  or  lest"  then  zero 


Determine  In  the  fir  <t  comparison  of  the  Illustration  If  the 
velocity  Is  positive  if  so,  -he  friction  force  equals  - ”  ^  nnd  vs 

proceed  to  evaluate  the  equnti  m-  if  cr  the  other  hand  velocity  1  •  equal 
to  or  less  than  zero  we  smiot  llstinquieh  ‘between  these  two  possibilities,. 
First  add  the  smallest  pcsslhl >  increment  to  the  velocity  in  order  that 
tho  aero  velocity  case  will  be  tome  equal  to  **"1.  ri  V  la  now  less  tnnn 

ti 

or  equal  to  zero  we  know  that  ■  la  le  q than  zero  and  the  Coulomb  ir lotion 
force  eouale  +Jf*  »  Jl’he  alter  us  to  possibility  in  the  second  comparison 

is  that  V  1 3  greater  than  sen  indicating  that  V  equals  zero  and  wo 

must  now  evaluate  tho  relationship  between  the  applied  force  and  tho 
maximum  possible  friction  f ore  ^  in  the  third  comparison,  if  k  is 
greater  than  zero,  wo  then  fora  the  ouar-t ity  IP-F  )  •  If  this  quantity 

la  positive,  the  mane  is  being  accelerated »  if  this  quantity  Is  zer : 
or  negative,  the  force  I’  ia  unable  to  overcome  tho  Toulon’)  friction 
force  F .  A  final  similar  comp,  urison  is  carried  out  if  tho  applied 
force  1J  ia  zero  or  negative  'he  computing  machine  would  be  so  arranged 
that  the  sequence  of  operations  shown  on  A» £034b  would  b®  terminated  as 
soon  as  a  successful  oonparleo  i  was  reached - 


2Jhe  interpolation  ex  uuple  shown  in  A-303B2  lllustrataa  the 
need  for  a  substitution  order  l'h&  numerical  values  of  uniformly 
spaced  points  along  the  arhitnry  function  fix'  can  bo  stored  in  tho 
first  available  series  of  stor  ige  registers  ns  for  example  S2?  through 
S33  „  Assume  we  wish  to  use  11  w?tu'  interpolation 


i,i)  “  *<*3>  ’■  4*<vi)  ■  ffvj 

To  obtain  a  value  of  the  function  f(x)  at  any  value  of  r.,  vs  aunt  m-.e  >' 
substitution  order  to  extract  -he  proper  two  numerical  values  from 
storage  for  use  in  tho  linear  -nterpolat  ion  formula  ‘"nJco  for  example 
x«2»4ht  This  Information  on  tie  value  of  a.  was  unavailable  whan  the 
problem  was  sat,  up  so  that  the  controlling  orders  must  of  necessity 
have  been  left  blank-  We  will  first  separate  the  whole  digits  frost  the 
fractional  part  of  x  .  *  Store  r~0  *15  in  register  S53-  Add  ?,?<  which  1  i 
the  identification  of  the  fire;  storage  register  devoted  to  the  deni:  :d 
function,,  to  N„  This  sum  (UV*  0  represents  the  storage  register  In 
which  will  be  found  the  desire  i  numerical  value  of  fix,)  ~  This  sun  is 
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Anr/.irv-id  late  the  blanks  of  .1  ■:*  or  darn  in  i&2  and  S44-.  fht  hub  <M'r-  ■‘r\! 
it?  inserted  in  the  order  fount'  in  storage  register  343.-  Having  i  13.3 ed 
the  Blanks  in  or  (lor  a  S41,  £42  (  t-.nd  -344,  we  will  now  not©  that  tto  aeries 
of  operations  ia  complete  a,vl  specific..  341  transfers  the  najaeri.Cfil. 

V(i'lv.Q  of  f {>■..,)  from  330  to  "Am  acotJuanlator r.  AO.  Order  043  transfers:  the 

V 

numerical  value  of  £U:„)  iron  329  to  the  register,  ,AB.S.  and  subtracts 

leaving  In •  the  accumulator  the  difference  £  fvx^,)  -■>  f  (x?)  *  Order  343 

transfers  the  incremental  value,  a,  from  353  to  the  A  register  and 
multiplies  by  the  value  In  '.he  aocvufinlatcr  to  obtain  the  result  Af*  Order 
S44-  adds  the  value  of  f (r:..,)  tr  ansferred  from  storage  register  29  to 

lit  which' is  in  the  accumulator  AO,.  In  the  accumulator  there  than  results 
a  anwsrical  value  of  f(x)  according  to  the  above  linear  formula  at  x«2.45. 

Returning  now  to  the  digital  computer-  block  diagram  we  observe 
a  slightly  expanded,  version  in  A-8033S .  Here  control  lines  have  been 
added  between  th®  control  element  and  the  other  blocks  of  the  computer.  - 
Video  electronic  pulses  are  transmitted  over  those  control  lines  and 
the  digit  transfer  bua  to  accorolish  the  arithmetic  operations  pre¬ 
viously  outlined*  Numerical  Values  will  be  handled  in  the  WI  and  WIT 
computers  in  the  binary  system  of  numerical  notation* 

Illustration  A»30S&4  shows  the  correspondence  between  the 
decimal  and  binary  systems  ^  ii  is  to  he  noted  that  only  two  binary 
digits. exists  0  and  1*  She  binary  system  is  than  well,  adapted  to 
electronic  circuits  in  which  a  zero  can  be  represented 'by  absence  of  a 
video  pulse  and  -1  can  be  represented  by  the  presence  of  a  voltage  pal  So 
or  by  the  conducting  state  of  a  vacuum  tube.,  Successive  columns  of 
binary  places  represent  increasing  powers,  of  the  base  2  .;just  as  nucoousivs 
decimal  columns  represent  increasing  powers  cf  base  10* 

In  A-30355  we  have  the  significant  characteristics  of  the  >r  nary 
system-  *A  number  represents  digits  in  powers  of  the  base  2-  It  nau  a 
simple  multiplication  and  addition  table  suitable  for  electronic  circuit 
computation*  A  number  represented  in  the  binary  system  will  require 
approximately  3- 1/3  times  as  a?.. ay  digits  as  the  same  number  in  the  ••  soimal 

eystsm*  Only  the  digits  1  and  0  are  required* 

• 

Two  methods  of  transmitting  binary  digits  electrically  are 
illustrated  in  A.-3056S.  In  th.  upper  illustration  the  presence  or  absence 
of  digits  in  time  sequence  represent  a  binary  number*  By  observation  of 
the  pulse  arrival  time*  any  number  can  be  transmitted  over  a  single 
conductor*  In  the  lower  illustration,  parallel  digit  transmission  o.i  the 
sane’  number  is  shown*  In  this  example  digits  are  transmitted  at  th®  cam® 
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time  instant  over  separate  cables  lor  digl t  of  the  n -amber 

parallel  digit  trarsaission  aye  ten  wiU  be  u««d  in  >wl  an  A  WWJJ.  t  •: 
putera  because  of  the  reduction  in  mrnibt  •  trauoml  ssj  on  time 

Illustration  A- 3035?  shows  dov  a  twin  grid  vacuum  tuba  ■■■■Ad  be 
used  as  a  gate  circuit  or  as  a  circuit  for  producing  the  -e  nulls  of  the 
multiplication  table  In  A~303S5-  Mr.  David  Brown  will  di  souse  c  suit  s 
in  some  detail  In  his  lecture* 

Storage  of  controlling  orders  and  numerical  quantities  in(  of 
course,  one  of  the  most  important  function*  of  the  digital  computer * 

Storage  for  the  Whirlwind  I  and  Whirlwind  II  computers  1b  being  planned 
in  the  form  of  electrostatic  storage.  A  sketch  of  this  storage  ryatsa 
is  shown  in  A-30368*  By  proper  control  of  electrode  voltages  ant.  beam 
current,  it  is  possible  to  store  electrostatic  charges  on  the  dit  lectrls 
surface  and  to  later  read  the  polarity  of  these  chargee  in  the  output 
circuit*  Storage  for  satisfactory  periods  of  time  lias  bean  observed, 
and  good  output  signal  level  has  bean  obtained*  Many  research  problems 
principally  associated  with  the  control  of  secondary  electron  reels 
trlbutlon  still  remain  to  be  solved* 

The  slse  or  rating  of  a  large  jcale  digital  computer  cun  ba 
described  by  two  quantities  -  the  computing  speed,  and  the  digit  storage 
capacity.  The  computing  speed  will  determine  how  long  the  solution  of  a 
particular  problem  will  require,  and  the  storage  capacity  will  determine 
the  magnitude  of  problem  which  can  be  readily  undertaken*  Two  kinds  of 
storage  capacity  will  be  used  in  most  digital  computer 8*  The  internal 
high-speed  storage  will  provide  high- spend  access  tc  those  order t  and 
numerical  quantities  required  for  immediate  use*  A  slower  more  txtenstlve 
external  storage  in  the  fora  of  punch  tape,  magnetic  wire,,  photographic 
film,  or  phoepher  film  will  be  used  for  information  not  required  for 
relatively  longer  tii.es*  Illustration  A..3035S  Illustrate  is  some  of  the 
more  Important  congoarlsons  between  existing  and  proposed  digital 
computing  machines*  The  first  three  machines  are  completed  and  In 
operation*  The  fourth  1b  in  the  final  stages  of  aseembly  The  last 
five  are  being  planned  at  the  present  tine*  The  form  and  approximate 
capacity  of  Internal  etorage  is  given  based  on  the  beet  available 
information.  Some  of  the  systems  use  a  fixed  decimal  point  in  nuBorical 
notation,  others  a  floating  decimal  point*  Some  use  the  decimal  system, 
others  the  binary  as  well  os  other  variations*  These  different  types 
of  number  storage  systems  have  been  converted  to  equivalent  binary  capacity 
for  conqoarative  purposes*  Multiplication  speeds  are  approximate  based 
on  the  latest  available  Information  for  each  of  the  computers*  Circuits 
of  the  Whirlwind  I  computer  will  use  the  same  computing  impulse  rate  as 
planned  for  the  Whirlwind  II*  Since,  however,,  the  Whirlwind  I  computer 
will  use  a  number  length  of  sixteen  binary  digits  which  la  inadequate  for 
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most  mathematical  work,  double  length  multiplication  In  the  form  (ar*b)(c+d) 
will  be  required  and  four  multiplication!)  must  be  performed.  This  com¬ 
pound  multiplication  will  be  carried  out  with  no  more  program  orders 
than  required  in  the  Whirlwind  II  computer,  but  more  time  will  be 
required  for  the  execution  of  a  complete  multiplication. 

The  Whirlwind  I  counter  la  being  designed  for  study  and 
demonstration  of  computing  clrouits  and  trouble  shooting  methods,  and  the 
oomputor  will  be  used  for  mathematical  research  and  study  of  engineering 
problems.  Design  of  the  Whirlwind  I  computer  le  now  In  progress  and  conr 
struotlon  will  begin  this  year.  Laboratory  testing  Is  expected  to  continue 
through  1948,  and  the  equipment  ebould  be  ready  for  mathematical  research  work 
In  1949.  Design  of,  Whirlwind  II  which  is  the  final  large  scale  objective 
of  this  projeot  will  start  as  soon  as  possible,  probably  in  1948  and  will 
require  relatively  longer  to  construct  and  test  than  will  the  Whirlwind  I. 

Muoh  mathematical  research  must  be  completed  before  a  suitable 
background  of  Information  Is  available  to  make  proper  uee  of  a  computer 
with  the  Whirlwind  II  capacity.  It  is  hoped  that  the  foundation  for  this 
research  can  be  laid  Immediately  and  that  Whirlwind  I  can  make  valuable 
contribution  to  the  knowledge  of  high-speed  numerical  analysis  and  digital 
confutation. 
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This  eemiaor  will  "bo  concerned  with  tt© 
pnraLlol  digit  transmission  typs  of  oleotronio  output# r 
described  by  Mr*  Forrester  In  last  vtofc  a  seminar, 
Illustration  A-3Q339  shows  &  simplified  block  diagram  for 
suofc  a  computer*  The  five  elements  arc  the  input;,  output  f. 
storage  control,  and  arithmetic  element*  Tho  Input  In 
needed  to  transfer  both  numbers  and  order «  to  tho  compute? 
while  the  output  la  used  for  extracting  results*  All  the 
nuabers,  Initial  oonditlone,  partial  result  a  and  order » 
are  stored  in  the  storage  element,,  So  distinction  is  mtsd) 
between  orders  and  numbers*  A  tingle  srittonetlo  element  in 
provided,,  the  abilities  of  which  will  be  deeoribed  lot  or* 
l'he  control  direct*  the  extraction  of  ord®ro  from  the 
storage  and  eote  up  the  proper  awl  tot!  eg  to  opxry  out 
those  order a* 
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A  list  of  basic  computer  operation*  i® 
given  in  A-30347*  The  orlthmatlc  element  will  bo  abl»  to 
carry  out  the  baalo  operations  ol‘  addition,  subtree tion, 
multiplication  and  divldon*  Ac  will  be  shown  later,  it  :U 
not  aooeesary  to  actually  build  in  the  division  process 
since  division  cm  be  performed  by  using  the  other  basic 
orders* 


In  addition  to  these  basic  arithmetic  operations  are  the 
lmportanw  .  ;ntrol  operations  of  isib-programming,  r-ompezl  son,  and  tub  at  1  tut  ion* 
normally*  the  control  extracts  orders  In  sequence  fztna  storage*  The  sub- 
pro gran  oz-der  allows  changing  this  sequence*  3jf  means  of  th'i  a  order  the  con¬ 
trol  may  be  instructed  to  take  as  the  next  order  any  order  stored  in  any 
register*  The  comparison  order  i»  similar  to  sub* programming  ©xciapt  the 
dsoision  as  to  whether  or  not  to  change. the  prognuc  ie  mad*  dependent  upon  the 
sign  of  the  number  in  the  arithmetic  element*  11!  this  number  is  nogntiv®,  the 
control  will  ignore  the  comparison  order  and  proofed  in  the  previous,  sequence* 
If  the  number  in  the  arithmetic  element  is  pool  tire  or  swo,  the  control  will  ■ 
be  shifted  to  a  new  position*  The*  substitution  order  allows  Modifying  order* 
previously  in  storage  by  {substituting  Into  thorn  result®  which  h*;v  been 
calculated* 

Illustration  4-30394  illustrate?*  n  basic  order*  The  order# 
are  placed  in  storage  in  binary  code  form*  Tha  order  consists  of  two  pact?*? 
an  operation  section  which  decides  the  operation  to  b®  carried  out  and  a 
storage  register  numb®?  which  chooses  that  ploue  of  information  in  the  storage 

that;  is  to  be  transferred. 


\  ,* 
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UIi*  sines  shorn  sr©  for  t;*<»  WHtK.itoT!.©  1 1  coagpvter  'ilii,?;* 
WHIHbWXND  II  will  hav©  a  r agistor  length  of  forty  digits,  two  cf  <:h®r,»  order* 
can  1)®  «tor®d  la  a  single  register,  She  order  u&ed  It  V:i  ahVIKD  will  m 
o t  the  ®aa®  typo  except  that  only  five  digits  will  ho  all'iwed  foi  the 
operation  and  eleven  digits  for  the  storage  number  since  »  nly  twe  thousand 
register*  are  to  i  e  provided.  It  la  Ilk *ly  trait  for  *icoh;«iloal  f^onvsnleuo® 
the  operation  and  storage  register  numb©  ’  sections  will  hot  etorec  In  opposite 
ardor;  that  is,  the  left  section  will  be  the  register  number,  while  the  right 
seat, ion  will  he  the  operation. 

A  poBfclbl®  ordor  code  Is  ihown  in  I  Hunt  ration  A- 30348,  lid  * 

Is  only  one  of  many  possible  codes  and  loos  no t  ehow  ouch  special  orders  a# 
Input  and  output  control*,  operations  using  absolute  volume,  and  others  which 
will  b®  built  Into  the  computer,. 

The  order  dear*  the  accumulator  In  tha  arithmetic  element 
and  transfers  the  number  hold  in  the  ato  “age  register  umber  section  of  tho 
register  lute  the  accumulator. 

The  order  pd  transfer*  tha  number  In  tha  storage  register 
corresponding  to  its  register  number  into  the  arithmetic  element  and  adds  It 
to  whatever  number  was  previously  held  by  the  accumulator 

The  order  c*  1®  the  sum  m  the  order  £,§  esc  opt  the  negative 
of  the  number  Is  read  Into  the  accumulator.-.  The  order  ju  is  the  same  as 
except  that  onoe  again  the  negative  of  the  number  la  road  Into  the  &o  emulator 
resulting  as  a  subtraction  Instead  of  an  oddltionr 

Tho  ordor  mr  multiplies  tho  content*  of  thr  accumulator  by 
the  number  in  the  coxrespondaig  register  position.  The  citUv  |j  transfer*  the 
contents  of  the  arithmetic  element  to  storage  and  place®  them  in  the 
corresponding  register  petition. 

Tho  order  dv  divides  the  number  by  tha  contents  of  the 
accusal  ato  r.  The  shift  left  and  shift  right  orders  simply  multiply  the  oon- 
tents  of  the  accumulator  by  powers  of  two.  The  jp,  cpt  and  td  order*  have 
been  briefly  described  above . 

WHIRLWIHD  computer*  will,  use  the  beer*  2.  However,  it  will  not 
be  noowssary  for  the  people  who  use  the  computer  to  do  any  onlovdatlon  In 
this  base.  Special  devices  will  moJfc©  tha  conversions  from  doolm.nl  to  binary 
notation  for  the  Input  and  from  binary  to  decimal  notation  for  tha  output 

Any  Integer  greater  than  one  may  be  used  an  a  b am  for 
computation.  Th®  cuotoraary  deoim&l  base  is  ac  outgrowth  of  th»  foot  that  we 
have  ton  fingers.  The  base  13  hae  been  siugye.it. ad  because  12  1«  divisible#  by 
more  integers  than  In  10 „  Tho  be,tf«  2  1*  convenient,  fox  computer  calculation 
because  only  two  digits  aro  noc  •  scary  which  mane  that  wo  oar.  use  any  computing 
elements  which  have  but  two  stable  states#.  Illustration  A-3C396  shown 
briefly  the  base  system  of  representing  numbers ,  A  number  written  in  any 
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basa  appear#  tte  aa»e  a#  a  number  written  in  any  otter  oxot.pt  for  .«onadf>lc.  n#.w 
1 itegora  needed,  Possible  number*  extend  ia  either  dirootit  »  witi  my  desired 
power  of  the  base,  On  the  coale  fchowu,  at uaherc  which  »,re  e:to? edl  r.-jly  *jb®11 
will  require  digit*  which  are  for  to  the  right  while  camber  a  which  nr  t 
exceedingly  large  will  require  digit*  which  are  far  -go  tlw  lei  U  iaunase 
lumbar  a  can  extend  indefinitely  In  either  direction,,  tM«  number  rotation  can 
h  J  ctJlod  a  nur.be r  spectrum,  Amy  rntlona  number  ®py  ho  writi  tm  ia  any  bane 
system...  Illustration  A-i’Q39rt  nhow#  equal  numbers  written  in  eovetal  b  »rac  , 

The  baae  37  hao  actually  been  proposed  for  certain  computing  problem*  where  a 
large  hate  la  needed,  hacao.ee  the  26  letter*  of  the  alphabet  tre  familiar  t© 
everyono.  The  37th  digit  le  elmply  a  blaiifc,  Kunbera  written  In  this  ha*©  27  c 
would  require  reach  los*  space  than  is  our  usual  decimal  bass),,  The  word*  of 
the  English  language  can  be  oonelderad  aa  number#  writ  ton  In  the  base  37,.  Thn 
Bagllsh  language  use*  the  number  of  possibilities  very  inefficiently,,  Tit© 
approximately  half  million  existing  English  ifordo  could  all  be>  represented  by 
four-letter  words,  Basic  English  which  only  has  850  words  could  In  entirely 
represented  by  simply  two- let  tor  word#,  low  over,  eom  of  these  werds  would  b« 
very  difficult  to  pronounce. 

Illustration  A- 30 364  shows  the  relation  between  binary  and 

dsolmal  notation,. 

As  stated  above,  a  camber  spectrum  extends  indefinitely  In  both 
direction#  so  that  If  any  desired  number  :;.u  to  be  represented,  an  infinite 
ragloter  capacity  1*  needed-  Since  only  t  finite  register  length  la  avoir. able 
on  any  physical  machine,  the  problec  of  Ju«t  which  digits  to  select  la  of 
great  importance*  Illustration  Ar> 30397  illustrates  several  possibilities. 

The  computer  can  consider for  Instance,  only  numbers  which  are  considerably 
larger  than  one,  very  near  1,  or  much  less  than  1,  Different  problems  art*® 
ia  these  different  cases?  In  XXluetrntlon  A-  3C39Q  the  affect  of  a  multi¬ 
plication  Is  shown,  A  number  considerably  larger  than  one,  whoa  squared  or 
multiplied  by  a  number  of  equal  magnitude  beoon«-e  taich  larger,,  If  only  a 
finite  register  length  Is  Available,  the  position  of  the  register  on  the 
numbs,?  spectrum  mast  be  shifted  to  the  lefts  Tor  r.  number  much  l*:*s  than  1. 
a  squaring  produces  n  result  which  require*  transferring  the  register  position 
so  the  right,  Where  the  number  Is  very  near  1,  the  squaring  process  4®*w  not 
epprooiably  move  the  regl  star  on  tho  qpac  jruuu  2b  r  this  .reason  it  is  con¬ 
venient  to  consider  the  number's  used  by  t  ie  computer  aa  being  very  near  .1 
Poif  WHIHLWII©  computers  the  decimal,  point  i*  to  be  considered  at  the  left- 
heu\d  end  of  the  register, 

Slnoe  naturally  we  must  in  tha  course  of  general  computation® 
consider  number*  whloh  may  vary  over  a  very  wide  rang©.,  wo  must  associate 
#  scale  factor  with  each  number?  Tho  met'iod  of  handling  scale  factors  le 
determined  by  whether  v©  .are  using  a  fixed  or  floating  point  system  In  the 
machine.  In  Illustration.  A-30399  confide?  a  number  which  fox  convenience  m 
will  assume  Is  larger  than  1,  Assume  n  m  ichin»  having  it  a  point  at  the  left 
end  of  the  regieter,  Aswciated  with  thi  i  number  must  be  a  scale  distance 
between  the  machine  point  and  the  true  point,  Son ,  if  upon  further  oo»- 
potation  this  quantity  becomes  ranch  smaller,  wo  have  available  tw< 
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po*tlbiUUo*„  31  ret*  we  can  biov©  the  register  to  the  rig.at  oo  %  i\ t  thi, 
number  otill  fill®  the  roglctor  and  have  the  machine  compute  wic  ■<«<;,  &  the 
reduced  scale  factor,,  Shi®  in  called  a,  flouting  point  eysrma  bfioan.*©  the 
machine  point  moves  with  respaot  to  the  true  point  She  second  possibility 
la  to  to  op  the  regie  ter  fixed  on  the  spectrum  and  allow  the  number  to  fill 
only  pert  of  the  register,  The  scale  factor  roctdriB  fixed,  The  wnetag©  of 
the  left-  hand  digit*  of  the  register  In  thin  latter  system  arc  compensated 
by  the  fact  that  It  is  ao  longer  neoesn&ry  for  tho  machine  to  handle  the 
scale  factor. 


It  1b  now  necessary  to  consider  the  methods  of  binary 
arithmetic  In  order  to  understand  the  processes  \-rhick  WWI  and.  WWI1  will  use 
for  computing* 


Consider  the  familiar  problem  of  decimal  additions 
Illustration  A- 30400  showB  a  simple  decimal  addition  problem,  Tho  digital 
are  aided  In  pairs,  it  being  possible  however  to  obtain  a  &um  in  ?ny 
column  which  Is  greater  than  9„  The  extra  digit  needed  to  dasoribe  thin 
muc  le  known  as  a  carry,  This  carry  aust  be  added  In  to  the  left-  hand 
adjacent  place,  Ordinarily,  this  carry  operation  is  accomplished  without 
writing  It  out  specifically  as  shown  in  tho  exempli?.  A  decimal  adding 
machine  must  be  able  to  perform  carry  additions  of  thia  type,. 

Illustration  A*-- 30341  shows  a  binary  addition*  The  two  binary 
numbers  shown  aro  summed  up  and  It  1®  once  again  po  a  Bible  to  obtain  a  aw  In 
any  column  which  requires  two  digits.  Thus  tho  sum  of  a  1  and  n  3.  in  tho 
binary  system  comes  out  10,  the  1  being  a  carry  which  once  again  met  btt 
added  into  the  loft-hand  adjacent  place*  It  ie  poGsible  for  these  carrloo  to 
produce  other  carries  which  must  again  be  added  In*  In  foot.  It  is  possible, 
uaing  40- digit  binary  numbers,  for  a  carry  to  be  propogated  the  fy.ll  length 
of  the  number  requiring  39  carry  additions  in  tho  prooees.  It  can  be  shown 
statistically,  however,  that  the  expected  number  of  carries  In  c,  40-digit 
addition  will  be  about  five*  It  1b  gIbq  possible  to  build  binary  adder® 
which  are  able  to  mm  the  carry  alraultaaeouely  in  a  (single  operation* 


Illustration  A- 30403  shove  a  simple  binary  adder.  The  lower 
flip-flops  hav  their  input  signals  supplied  to  their  cathode®.,  They  form 
almpla  scale  of  two  counters*  The  addition  of  two  ones*  to  a  flip-  flop  will 
restore  It  to  sen?,  tho  overflow  sotting  one  of  the  upper  row  of  -flip-  flop#,. 
These  upper  flip-flop*  store  the  carries*  Following  the  first  operation  of 

ln  th0  lover  «  and  the  carries  In  the 

upper  flip-flops,  Gate  tube*  are  coaaootec  to  these  upper  flip-flop*  in  suck 

a  manner  that  the  gate  is  open  If  the  flip-flop  holds  a  1.  If,  then,  tho  other 
i^rld*  of  the  gat*  tubes  are  pulsed,  a  carry  pulse  will  bo  transmitted  to  tho 
left-hand  adjacent  odder  flip-flop*  At  each  pulsing  of  the  carry  line  on© 
o^xry  addition  will  be  performed. 


negative  nurabor#  mot  be  handled,  Several  possibilities  ar® 
ahowr*  in  Illustration  A»3Q417,  Tho  first  is  to  handle  the  number  a*  it* 

absolute  magnitude  with  on  &«Boclatod  sign.  Thin  method  i«  th®  oustofflary 
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natation  Iron  tha  point  o?  view  of  the  computer,  how©  ?^r  auto  t-  asHu  a 
!U  aot  too  satisfactory  alnc*  It  requires  a  special  aftta*  fcir:*  or  t  aaJl  ilia 
ability  to  dl  acrlMlnat*  alga*.  Method#  w.re  convenient  i*om  the  point  of 
vl«y  of  tha  computer  or©  those  usio?  comp’.' ©moat  a  >a  the*  tom.  eum^iertoat 
•yettm,  the  positive  raaiobor  iu  tnibtraotod  from  soar  high**  pov»r  <yr  the  'hvw 
t.h&u  o«a  b®  hold  in  a  standard  register.  Who  car.  of  a  xwanbor  mi  its  oo;#plem«.t 
la  therefore  this  power  of  the  base.,  The  digit  that  signifies  thl  pooor  1 
li®  off  the  left-hand  end.  of  the  register  the  cun  appearing;  at  a  r$rtB  •3ino« 
therefore  we  have  obtained  a  number  which  when  added  to  the  original  number 
•quale  aero,  we  haw  satisfied  the  requirement *  for  a  negatit©  number 
designation.  A  similar  method  but  mors  ocmvonieat  i  s  the  us©  of  nineti  complements, 
la  this  system  the  positive  number  is  subtracted  from  r»  power  of  the  baos  les« 
lc  The  oonvenleaoe  may  be  noted  from  the  Illustration  In  that  the  nines  con» 
p lemon*  is  obtained  by  subtracting  each  digit  of  the  positive  number  from  nine* 
la  binary  notation  each  digit  of  a  positive  number  ie  subtracted  from  one. 

This  is  equivalent  to  replacing  all  x*ros  by  ones*,  cud  oat's  by  aero#.  Tha  con¬ 
version  from  nines  complement  to  tens  complement  can  be  of' acted  by  adding  a 
one  to  the  nines  complement.  Ite/ortunately,  this  addition  an]  produce 
carries  requiring  an  eddor  and  an  addition  time  tot  ohsngiug  the  tugn  of  & 
number. 

By  using  the  complement  eye tern,  m  alder  nay  be  mode  to  sub¬ 
tract.  The  9:)a  complement  system  avoid#  proportion  of  carries  and  la  thus, 
more  nuitnble  for  a  machine  of  the  Whirlwind  type.  Subtraction  pujoeeaee  nr© 
shown  In  Illustration  A- 30410.  The  first  example  show#  u  (subtract  ion  in  which 
the  result  Is  negative.  The  subtrahend  in  complemented  and  added  to  the  minuend. 
The  result  is  ths  difference  in  its  oomplomanted  fora.  The  second  example 
showa  the  oubtraction  of  two  numbers  whoso  difference  is  positive ,  One®  agftiE. 
the  subtrahend' is  complemented  and  added  to  the  nl.cu.and-  m  this  partit»ilaj 
case,  however,  the  difference  J.o  not  in  the  desired  form.  It  consists  of  the 
desired  difference  5,  -  Hg  pluw  the  terms  2ft  -  1.  fortunately,  the  oorraotloa 

for  these  terms  la  easy.  The  3 '  represent#  a  digit  off  the  left-hand  sad  ol 
the  register.  If,  therefore-  this  digit  is  Wrled  around  and  aided  lata  the 
rightmost  place,  both  the  &  and  the  -1  will  be  corrected.,  Tide  process  Is 
known  as  ‘’and  around  carry”  and  is  easily  executed  physio  ally  by  connecting 
the  carry  sootlon  of  the  loft  digit  of  the.  accumulator  to  the*  right  digit 
counter. 

Multiplication,  in  nothing  ere  than  th®  proeesri  of  sueco solve 
additions,  the  multiplicand  being  added  to  the  partial  product  according  to 
the  digit®  in  the  multiplier.  Illustration  A® 30404  shows  a  decimal  multiplication 
example  a  The  rightmost  digit  of  the  multiplier  is  'Multiplied  by  the  digit#  ot 
the  Multiplicand  in  turn.  It  will  bo  noted  that  the  results  of  each  of  these 
BjBftil  multlpllcatlone  may  be  a  two-digit  number  requiring,  therefore,  an 
addition  procesa  to  obtain  the  partial  pro  toot,  following  the  nee  of  too  right® 
molt  digit  of  the  multiplier,  the  next  digit  to  the  loft  its  used.  The 
partial  product#  formed  are  *?dd®d  together.  Addition  of  partial  products  •*? 
continued  until  all  digit#  of  the  multiplier  hare  been  uoed. 

In  multiplication,  binary  notation  present*  many  advantage*. 


.  .  ''i-  wffflMMiiai.  ifciMfe'ilBfaiiVJMiy^  (*- 'gamut,  jv , 
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Ae  shewn  'a  Illustration  4p*303155  tho  binary  era! lest V :., ,  Sat  t  c  .  r.»uay\>. 
to  1  x  1  ®  I  Since  the  l argent  product  ©?  any  two  binary  digits  la  ho 
single  bf nary  digit  one,  thexe  a  an  he  no  carry  between  »«*«•.  lcx.s  in  ter;  eg  the 

p  «r  t  i  el  p  re  due  t » 

Illustration  A"', 50409  show*  a  binary  multiplication  exompls 
It  is  carried  out  In  the  tone  fashion  aa  the  decimal  eranpi e  previously  <ilfr 
cub, sod  except  that  each  step  i»  now  simply  a  choice  as  to  vhother  or  not  to 
add  In  the  multiplicand.  This  choice  is  governed  by  whether  or  not  the 
multiplier  digit  is  a  one, 

A  modification  of  the  binary  multiplication  preues*  Is  shown 
la  l  Hunt  rat  Ion  A-30404.  This  modification  le  helpful  for  the  mechanisation 
of  the  process.  The  multiplication  begins  a*  before  with  the  addition  of 
the  multiplicand  depending  on  the  rightmost  digit  of  the  Multiplier.  Bov 
however,  consider  shifting  both  the  multiplier  and  6 ho  partial  product  to  the 
right  one  digit.  The  second  step  of  the  multiplication  n©v  oensldern  the 
rightmost  digit  of  the  remaining  part  of  the  multiplier,  the  multiplicand 
being  added  in  directly,  It  in  not  necessary  to  shift  tho  multiplicand  since 
the  partial  product  hoc  already  been  shifted,.  This  pro  coat  of  shifting 
multiplier  and  partial,  product  to  the  right  and  then  adding:  in  tbs  Multi¬ 
plicand  If  the  rightmost  digit  of  tho  multiplier  la  a  casr continues  until  the 
entire  multiplier  hae  been  used,, 

Illuetratl  >n  A«I5040&  shows  schematically  a  binary  multiplier 
using  thJ.ffl  prooees.  The  multiplicand  Is  stored  in  regi  star  Alt  and  the  unit!-- 
pller  In  register  BE,  Ths.  partial  produo"  is  built  up  In  -.ho  adding  unit  AG 
A  set  of  gate  tubes  Is  used  between  AR  ant,  AG  for  adding  Ir.  the  multiplicand. 
If  tho  rightmost  digit  in  BR  in  a  one,  th<  multiplicand  la  added  in.  If 
it  le  a  sero,  the  multiplicand  le  not  added  In.  following  each  addition  the 
contents  of  AG  and  BR  are  both  chitted  to  the  right  one  digit.  This  places 
the  desired  digit  of  the  soltipllar  at  the  right  sod  of  ait  and  provide  a  th© 
proper  alignment  of  tho  pert  la),  product.  Since  In  shifting  B?.  to  the  right 
Its  leftmost  digit  becomes  vacant,  the  rightmost  digit  of  AG  vhloh.  would 
otherwise  bo  Shifted  off  tie  register  and  lost  oar  Instead  Be  shifted  into  BR. 
When  the  multiplication  prooesu  i*  comple-ed  the  multiplier  will  haw# 
disappeared  and  the  oat  Ira  double 'length  product  will  spponr  In  AC  and  B.S# 

Si nos  the  croduot  of  two  a-  digit  numbers  will  re salt  in  a 
3n»dlgit  product,  sora®  snathod  met  be  provided  for  handling  time©  extra 
digits.  In  general*  they  arc  insignificant  and  can  be  thrown  tawny.  This 
process  requires  the  prep sr  rounding  off  of  the  number c  If  tho  last  a 
digits  ora  merely  thrown  away,  the  remainder  will  always  bo  leus  than  the 
complete  number.  In  the  sour  bo  of  a  problem  requiring  a.  w  ry  large  number  of 
niulV.pl  Ac atlons,  the  bias  due  to  this  procedure  will  become  «>:c-aesiT«,  It  Is 
desirable  to  Increase  by  one  the  rightmost  digit  of  that  pert  of  the  number 
which  le  kept  if  the  number  thrown  away  lm  greater  than,  a  half.  A.  convenient 
way  of  accomplishing  this  In  the  decimal  system  lo  to  add  five,  to  tho  first 
digit  to  bo  thrown  away.  If  this  digit  l»i  5  or  grsrtar  a  on©  will  be  carried 
to  the  rightmost  digit  of  tho  wared  number  while,  If  thl®  digit;  It  lops  Shan 
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iiv»f  -it :t*  right-hand  digit*  will  niaply  b  >,  dlec«;<d<&.  IhU  piooeuu  :U 
illu, stmt  ed  in  Illustration.  *V-  50400..  in.  -'inary  "’.oiation  .-t  ontliv,  y 
ilmilar  yrooesa  oar  he  used  in  vhloh  a  one  is  sdi.se.  to  the  first  digit  to  bw 
discorded  resulting  in  a  carry  if  thin  digit  1*  iv  cue  and  >vn  carry  if  it  is 
asrOo  Nr  provision  1b  made  for  properly  oaring  for  the  aaui^juu  u&m  la 
wMoh  the  discards!  port  of  bh*  numbe*  is  exactly  one  half  However,  ].», 
-<0"dijglt  Multiplication,,  40  digit©  will  bo  thrown  away  cju?1  tho  chances  of 
lbi&  40*c.iglt  n&mbsr  being  exactly  one  half  Is  very  sc, all,  Ihs  bias  due  io 
this  process  is  also  very  small  and  can  In  post  uaree  be  neglected 

fiw  slsa  of  the  numbers  which  can  be  handle!  by  the  computing 
machine  ia  not  limited  by  the  machine  register  length,  It  la  posuiblo'  io 
ns®  numbers  which  are  any  multiple  of  tb.ii  register  length,,  Illustration 
A-30393  shows  this  presets  for  double- length  numbers,  that  ia,  for  number# 
whose  largth  is  twin®  the  camber  roginter  length  of  tho  machine,  f±i ® 

B.ti»b«rB  ore  stored  in  two  halves  in  two  separate  registers,,  Addition  r«- 
culrea  the  separate  euwalng  of  tho  c orrerjonding  halves.,  ’Uhe  sum  of  the 
two  smaller  seotionu  a  ay  b»  greater  than,  the  register  oepaolty*  If  »os 
tho  overflow  represent*  g.  carry  to  the  rl utmost  digit  of  tho*  ctun  of  the 
two  larger  «®otloas0  It  Is  necessary  to  provide  fer  handling  thin  carry 
sffl cleat iye 


3br  multiplication  tJae  product  00 
the  four  partial  product n  roeultiag  from  moltlpl 
immbore  together  section  by  section,  Two  peouli 
the  product  of  the  two  snail  sect  ions  them selves 
would  on  Inoilly  bs  loat  in,  the  rounding  procost, 
loro  bo  unlttod.  Secondly,,  the  two  larger  saoti 
thaw  an  associated  register  full  of  Eor o*»  Thus 
bo  double  length  ns  usual  ie  actually  entirely  a 
mu8t  bo  kept  *  The  section  which  ia  usually  roun 
mailer  section  of  tho  re-ault,  It  ia  ones  again 
poseible  oarrleo  between  ssctlonso 


1  bo  forsed  by  obtaining 
/lug  tho  double  section 
aritlos  egaiu  arlua0 
iai  r  smell  mmber  which 
»  Thin  product  a  an  there— 
»n,j  are  assumed  to  have  with 
their  product  vhich  will 
Igalfioant  end  bwfeh  Motions 
lea  must  be  aided  to  tto 
noose sory  to  tub*  onto  of 


*.A„  wBTmwrm  r®18*?11.*?  to  handle  doubl'-leagih  numb  ore  will  b®  Import  an. 
lor  WLBLWIND  I,.  The  aixteenr-- digit  capacity  now  proposed  is  equivalent  to 
loo®  thai  five  decimal  digit®  which  In  Inadequate  for  most  oomputl ag 
problems*  By  using  double-, length  number «.  computations  onu  be  carried  out 

vtitbtwtot  Jf1?,6}  praoss,  thus  greatly  Increasing  the  scope  of  the  ntiohlns, 
HlhL  I ®  II  w1j,1  rt.s)o  be  able  to  handle  double*.. ength  numbers  for  uo®  in 
those  problems  requiring  more  than  twelve  decimal  digits. 


Equivalent  methods  may  be  spp'Ued  fer  computing  using  triple- 
length  numbers,  Illustration  A- 30393  Illustrate*  low  n  triple-length 
number  product  rosy  be  obtained,  3?h©  number  of  orders  required  for  oomput lug 
using  mul tlplm* length  nusbere  teoomen  quit®  ler^i.  Sub-programs  can  be  meed 
however.,  ’ 


? 


It  was  mentions!  earlier  that  it  is  not  neccasary  to  build 
divl»lon  into  the  maohln®  sine®  It  could  be  bul.l<  ip  out  of  ths  more  ba*io 
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arithmetic  operation©,  &tl\i  ootament  i»  .1*0  true  of  square  rootlwi*  i 
'4«n*rel  nethod  for  obu&i  uing  reaiprooal  a  and  route,  its  to  * .00  t*  1  -srativn 
3Too®dttr®  bawd  on  the  solution  of  as  algebraic  equation  by  Howto?  '  a  method. 

Illustrat Lon  A-3039I  ©how©  ttsvton'c  method.  She  Q’rv©  f  »  t{x. 
later©t>oba  tho  ox.!  n  at  ©cm©  point..  It  !l»  do sired  to  find  thlu  po^nt  by  a 
•oroceea  of  ©once  ©air#  approximation©  beginning  uith  »ne  origins!  gueea. 

Other  method©  are  available  but  Hewton*©  ha#  tho  siren  tag*  of  ©Implicit,/  and. 
speod. 

Illustration  A-304U>  ©how©  the  application  of  Hewlett's  aethoft 
to  performing  the  operation  of  division  v.nlng  only  addition  and  bj.1  a. p  a.  I  oat* u« 

The  acuatioa  f(i)  «  a  »  1-  ha©  a  root  at  x  »  Applying  Howto;  v  *  method 

%  a 

.an  .aquation  x  ^  «  x  (2  -  ax  '  la  obtain* '  which  -./ill  converge  to  *a  n  *  * 

!thi»  equation  require©  only  additions  on*  nultlplloatlonn  and  reav-lt©  In  tho 
reciprocal.  It  converge  I  very  rapidly  at*  each  ©tap*  -f  tho  fire,  guea®  It) 
good  to  1056,  three  iteration©  will  give  n  re  cult  good  to  eight  dec  Irani 

place#. 

Illustration  A-  3041.9  »hovt»  the  explication  of  Hewtf  n '  a  method 
to  obtaining  nquare  roots.  If  the  aquation  ohossea  1©  f(x>  »  ac®  ~  a,  then  js^ 

,*111  converge  to  tfa©  /"a"*,  Thi©  process  requires  division.  ©aid  Its  ©nti*- 
factory  for  a  machine  able  to  divide  but  will  be  quite  Length?  for  a  m^hln* 
Shat  obtain#  division  by  iteration. 

If  the  eq'uation  f(x)  »•  a  *-■■  ^  1©  used,  then  ccnverg#©  to 

^ _  In  a  prooes©  requiring  addition  and  multiplication  only.  It  la 

rr~  * 

quite  oaf?y  to  get  the  \T*  '  from  it*  reciprocal  by  ©imply  multiplying  by  ft 

Itself. 

Illustration  A- 30414  gives*  formulae  by  analogous  method©  for 
obtaining  the  p»“  root  where  j.  is  any  integer. 

It  vae  mentioned  earlier  that  the  machine  itself  will  parlor® 
all  the  aeoeasaxy  conversion#  for  decimal  to  binary  notation*  and  binary  to 
decimal  notation©..  Illustration  A- 30418  shows  Ifcwo  method©  for  converting 
from  d 00 Irani  to  binary  notation©.  Equivalent  method*  exiat  for  converting 
from  binary  to  decimal,  notation©. 

The  first  method  consist©  of  using  the  binary  equivalent  for 
the  ten  decimal  integers-.  She  Lef tmo ©t  digit  of  the  decimal  nujnbw  is 
converted  to  binary  end  then  multiplied  in  a  binary  multiplier  by  the  binary 
equivalent  of  ten.  To  this  result  i©  added  the  binary  equivalent  of  th® 
second  decimal,  digit.  Tala  process  i«  repeated  until  tho  entire  number  halt 
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been  converted*  the  second  mothod  uses  ;.  decinwl  computer  innt#*'  of  a 
binary  computer  and  consist «  of  successively  dlrlding  the  decimal  rant*?  'by 
two  t:Pd  noting  the  remainders  of  ®noh  *t«-p. 

?Pke  power  ami  flexibility  of  digital.  computing  machine* 
become c  noot  apparent  it  those  instances  -share  tht*  computer  carries  the 
burden  of  generating  its  own  controlling  program*  It  is  often  ouctomcxy 
for  the  mathematician  >tc  lndloate  in  compact  symbolic  form  the  answer  to 
a  numerical  process*  'Tfes  dots nainant  and  matrix  notations  are  ca ample r  of 
thie  compact  uomeaQlature. 

A  generalized  program  eurflcieat  for  multiplication  of  any 
two  matrices  will  now  be  discussed.  In  this  generalised  program,  47  order ti 
art  sufficient  to  control  any  matrix  mol  implication*  The  program  can  1® 
Icept  in  a  library  for  ujre  at  required. 

A»,  an  axeraple  ®f  programming  methods  and  of  the  general 
power  of  a  computing  machine  of  this  typ ; ,  a  generalised  program  or  matrix 
multiplication  will  be  discussed,  This  program  will  proved®  for  iho 
multiplication  of  nay  two  matrices,  not  necessarily  square,  which  can  1® 
multiplied  within  the  capacity  of  the  machine.  Once  written  m&  put  on  a 
tfape  the  pz-ogi-n®  will  be  usable  ne  often  at  desired*  It  will  only  be 
necessary  to  insert  the  elements)  of  the  matrices),  certain  information  e.e  to 
their  dimension®  and  location  in  storege  and  start  the  machine,  l’ht* 
program  can  &l.no  b®  used  as  part  of  ft  larger  program  of  which  matiiix 
multiplication  is  one  of  the  desired  operations. 

There  le  nothing  mutual  shout  thin  program  or  the  methods 
usodo  A  program  of  this  typo  om  be  written  for  a  Taet  number  oi 
arithmetical  procesaes  Including  invertliig  &  matrix,  solving  a  set  of 
simultaneous  llnsar  algebraic  equations,  a  sot  of  eiaultaneouB  linear 
differential  aquations,  algebraic  equations  of  high  order  etc.,  once  tha 
method  of  solution  has  bo®n  dsterai&ed. 


A  matrix  le  a  rectangular  wrray  of  element  ■*  which  obey® 
certain  rules  for  multiplication  and  addition.  A  typical  matrix  1st 
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She  proessa  of  matrix  multiplication  it  aj  followa,  To 
obtain  the  ith  element  of  the  jtb.  coluam  of  the  pro  due l  &B  ~  0.  35 loot  the 
ith  row  of  A  sad  thus  jtfc.  column  of  B,,  end  oum  the-  produc  es  of  their  comae** 
ponding  ©laments,  beginning  at  the  left-hand  and  and  the  top,  respectively*  • 
Thur-c  a 

CiJ  “  J&*.  air  *  \j 


Whore  atb(,  and  0  are  aleraeat®  of 


B 


ai&tricati  A,  3S  and  0,  respectively 
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Before  two  matrices  can.  bo  zacltiplod  together  they  man!;  ho 
conformable*  That  is,  the  number  of  oolunnc  in  the  first  writ  equal  th© 
number  of  rows  in  the  second* 

♦ 

The  •  general  preceae  of  multiplying  two  juatrloaa  become®  then,  • 

the  followings 

s 

X„  To  obtain  the  first  sl-erno t\*.  of  0  niutlpiy  the  first 
row  of  A  by  the  first  column  of  B„ 

a)  Multiply  the  first  element  of  A  1  y  the  first 
element  of  3* 

b)  Multiply  the  oeaond  clement,  of  tht  first  row  of  A 

by  the  second  element  of  the  fir  si;  column  of  B„ 

/ 

0)  M&  the  ti-fo  products* 

d)  Continue  urntil  all  the  element®  of  'he  first  -sow  of 
A(  and  at  the  same  time  all  feha  elew-nts  of  the 
first  column  of  B)  have  be  on  uaocL  \'he  resulting 
sum  is  the  fir  at  element  of  0* 


-.A.-,  . . 
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So  acaplebe  the  .first  w  la  0,  eoctihue  Haitipiys.;b5 
tjho  first  row  in  A  by  tho  sue© coding  column®  ot  'Jh 


s)  Repeat  atop  1*.  above,,  using  the  jK.rs-t  row  la  A 
again  but  the  second  column  la  £*  -he  re  Bu.lt  will 
be  th»s  second  element  la  tho  tlv.r?  row  In  G* 


b)  Continue,  using  the  succeeding  co*..u»»  of  B  until 
ell  coluaaia  have  bo  on  used,-  The  resulting  so  t  of 
nvinber  s  ifil.lL  be  the  first  rov  in  G*  . 


3., 


So  complete  the  second  row  In  G,  rei-ient  ctep fit  1  end  »3,  but 
use  the  second  rev  ia  A® 


5?0  coiiplote  tho  product  sas-tris,  rep  oar*  atop  SS  until  all 
the  row 8  of  A  have  boon  used® 


3’rca  the  above  discussion  wo  can  proceed  ;o  writ©  the  program 
roqulrod  t-o  put  this  isroc@dv.ro  on  tho  computing  machine®  She  process  is 
Bhova.  la  dlsgramtlc  form  in  Illustration  &» 30801,  to  include  the  comparison 
order n  the  c oraout er  needs  to  determine  when  it  haw  xinifllwd  su  element,,  a  jto wp 
end.  the  complete  product « 


She  program  in  written  out  below®  It. follow®  the  general'  process 
and  diagram  described*  The  changes  in  tho  program  necewmry  be-  progress  to 
tho  succeeding  element#,  rows,  and  column®,  are  mad®  by  bringing  the  actual 
orders  into  the  arithmetic  element  end  adding  and  subtracting  number®  from  thorn* 
lb®  axUva  are  reotored  in  their  modified  condition  so. that  the  four  basic  orders 
that  par  for®  Jj  a  b  are  used  over  end  over  again  to  perform  all  the  separate 


y  ^  b!|u,  needed  for  th©  multiplication® 

C-vl  1 


memorandum® 


TMo  symbols  used  ia  thills  program  are  discussed  earlier  in  this 


Tho  matrices  to  be  multiplied  are  assumed  -io,b©  wtorad  ia  the 
computer  storage  in  the  fol3.owS.xsg  fashions  Matrix  A  is  -jtoroa.  in  sequenco  bj 
rov/s<,  Tho  olements  of  any  row  are  stored  in  sequence  from  loft  to  right,  the 
groups  of. element®  making  up  the  row®  being  stored  in  coiusao©  from  top  fed 
bottom®  Matrix  B.  is  stored  in.  sequence  by  dolmans®  The  elements  of  any  column 
oro  {.stored  in  seqv.en.ee  from  top  to  bottom,  the  groups  of  elements  making  up 
the  columns  being  stored  in  sequence  from  left  to  right,  ®»  order  *«  ®exe...y_ 
■convenient  and  not  necessary.  She  program  with  align*  »»difioatlona  can  be 
vised  for  different  ■  orders  of  storage®  It  Is  no*  aoooGca.’y  tn.ai>  onjaaont 
elements  be  in  adjacent  registers.:  She  only  requirement  is  that  tho  storage  fee 
orderly  and  known;',  the 'given  noquenoe- is  merely  tho  simp  lost® 


The  elements  of  the  product  matrix  G  will  b®  stored  in  sequence 
by  rows  as  Matrix  A  since  tho  elements  will  be  obtained  in  sequence® 


Av 
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<fh@  order  o i'  storage  &e  v/oll  as  o'iliar  pci  w.n^Jiw  h.  •  -y  -a*, 
ie  i»lvnu  la  Illustration  &-3Q0OO.  Ths  Progress  proceeds  an  miiowff*  |’«® 


diagram, 


2  tot.  det ailed  orders  and  XUub^Iob  A.3OrO0ftff  progrocolon 

n-  I«M  n£i 


Sho  first  stop  is  to  insort  the  initial  regioter  positions  o? 
the  elements  to  be  multiplied.,  This  operation  requires  three  transfer n,  on* 
for  each  of  the  matrices  conoerned,  or  a  total  of  six  ordora*  • 

IXo  a  °  \i  -  Orders  §7 . ftndjSS 

She  multiplication  of  the  two  element  o  requires  only  two  orders 
bIelob  the  product  is  left  in  the  soc-TusotiasQi’o 


She  partial  sum  is  brought  into  the  aritlaetlo  element  «»d 
Sddod  to  the  new  product.  to  result  is  stored  In  the  register  allotted  to 

1&  &  °  *}" 

'  '  Increase  S(a)  by  1  - .  Qjrdwe^JjLtO- S13 

She  next  step  Is  to  Usoroaoe  the  register  number  In  Order  S7  by 
,  hloh  kSj,x  piofe  the  next  element  in  the  row  in  Matrix  1.  'Mb  nodij-loation 
U  aade  ai’thts  tire®  beoauoe  it  effects  a  small  soring  In  total 
order®  and  total  number  of  operations.  too©  order  a  evv  required  roi  - 

modlfioatioao 

y.  Check  an  Completion  of  an  J 

An  element  of  the  product  wiU  be  ocmglete  when  «n  Jh«  <Lw*U 
of  a  row  of  the  first  matrix  .tore  been  used  in  a  ®ua„.  Chocking  on  -h> 
eoroletion  of  a  row  oan  he  obtained  by  comparing  the  retiater  poe*tion  in 
OrflW  S7  with  the  register  position  holding  the  last  ewjment  in  the  row.  ih® 

Z^Limn  o«  l.  JL  W  *\)  t**  «•  SV  ha,  already  Tea 

sadifioA  in  IT  to  Us  on.  n»  «»  '*•»  1»‘  «!*«»“  “J;  *h5*f?”\  H  ,M 
37  4  s(e^)  then  the  row  has  not  been  completed,  while,  i*  S t  7?  -H<y  it  »a»«, 

She  comparison  requires  only-  two  ordere.  &  subtraction  «x&  the  oostporiaen  - 

itself* 


Vlo  In  or  ease  S(b?  by  1  -  Order  e,^6Jo  Jig 


If  the  element  i©  not  oomplote  &»  doterral nod  by  the  comparison 
order,  than  it  is  neoeseory  to  modify  S7  and  SS  to  take  th*  next  element a  in 
the  two  matrices »  return  to  II.  sad  continue  the  prooeet-.  Si  has  aLroady  been 
modified  in  IV„  lour  orders  are  required  to  modify  S8  tad  return  the  control 

to  §7.  the  start  of  II. 
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aft  element  .has  boon  completed:  it  sms >  oe  stored  a?  6-»nfc  to 
the  bw;pn.t  (order a  •  S20-S2X ) « 

«£' 

Heat*  it  le  neoaeaery  to  clear-  the  register  holding  a  b  bo 
■ihnt  it  will  b»  available  for  the  next  stags  of  calculation  One  net  hod  1c  to 
aab tract  a  b  into  the  eoeiomslator  which  already  holds  ,;g»  a  b-  She  re  salt  lag 

,oro  la  stored  In  the  ^  at  register  effooUvoXss  clearing  lt(0rder»  S33»S23>» 

H«xt.e  the  order  321  containing  the  register  number  whore  the 
element  0  has  first  'been  stored  is  Modified  so  that  the  next  element^ to  bo 
competed  will  be  ate  rad  in  an  adjacent  register  (Orders  £34c  325,  S26)» 

VIII  o  (Shook  on  Oonipletiojft  of  a  Sow  iu  tao  Product  ™  Order o  S3?  to  S3S 

A  rov  In  the  •oroducb  will  be  completed  if  all  the  oleme.ivie.of 
Matrix  3  hare  boon  need,,  therefore,,  compere  S3  which  ontelna  the  register  arnehe? 
of  the  last  clement  of  Matrix  3  need  with  the  register  number  loss  le  S{\),  of 

the  last  element  in  Matrix  B.  Ibis  comparison  la  effected  by  nemo  of  a  sub- 
traction,  and  e,  conditional  aub^pro  grata  order,,  if  S(&)  5\ b.  )  j  tb.®  lact 

element  used  will  bo  at  the  bottom  of  some  column  other  than  the  la  at,  S(bfe) 

inuat  b®  1  lose  than  the  register  amber  of  the  last  element  in  Matrix  B  beoaua® 
the  equal,  oe.se  la  lumped  with  the  negative  ausnbars  la  the  conditional  Btth--- 
program  order, 

1  Xc.  Return  to  Start  of  Bovs’ ,  in  Matrix  A 

Change  be  Next  Column  in  Matrix  JB Order e'  550  to  536 

~  * 

If  a.  row  of  the  product  la  not  complete,.  It  1®  necessary  to  u«e 
the  same  row  of  Matrix  k  over  again.  Order  S?  la  modified  by  subtree  Wag  the 
number  of  dement s  in  a  row  from  its  register  position  i Orders  320  to  333) » 

Changing  to  the  next  column  of  Matrix  3  :'.s  aooomplishel  by 
simply  taking  the  next ‘clement  in  lino  due  to  the  order  of  storage  (Orders  553  to 
S3S)/ 

fjffc©  control  is  then  returned  to  the  atari  of  ll  at  S7  and  the 
process  repoeteds 

1,  Check  on  josrpletl on  of  Product  ~  Order, 3 __S37 .,,fro_,.35j* 

'  The  product  sill  be  complete  if  all  the  cl ©moats  of  Matrix  A 
have  boon  need,  The  cheek  cm  bo  mads  by  .comparing  tho  register  posit  ion  in_ 

57  with  the  register  position  holding  the  laet  element  of  Matrix  X,.  B(t^)o  Xt 
ia  not  noses  nary  to  subtract  1  from  S(s^.)  alnoo  a  1  haii  alreafiy  been. 

added  to  37  o 


Si  54b 

h*.>t •Ixiii  /in  »  /  »S 


1'ho  o ijajjfc." wm  is  mads  v;i  th  &  suvi rch  >■  . a  i.ra  iioui/. » ,i w  j  .  i. 

<fab-  order  an  tei'ro, 

XI  Phonr -  fro  florfc  Bow  la Matrix  _  4 

Modify  S(c^) 

lla t turajso  B ogi tua* a f;  o f  Mat:: la:  B-  •  _  r tier*  SdO  to  3/? B ) 

Id  tho  product  1*  acre  ccaolista,  the  next  row  of  Matrix  ii  1*  to 
1>«  used.  lo  aedifi cations  are  neeesfary  eiaoa  the  1  ,.»!dad  to  B(a)  la  IV 
will  take  the  fir  at  ©leweat  of  the  next  row  duo  to  the  order  of  storage* 

SJ.UOG  a  new  row  la  Being  need.  It  in  rur.-ssaar/  to  char.*’#  Sf,^} 

»o  that  it  lo  the  radiator  number  holding  the  last  elcmeot  in  the  new  row, 

Shi  a  will!  fi  cation  la  accomplished  by  adding  tho  row,.,  length  to  S{^)  *-  (Ordera 
!>4Q  to  S43)»  '  ;•  ’ 

Returning  to  the  beginning  of  Matrix  3  l«  ascjinplUhod  bjr 
nubtreoting  the  msabor  of  elements  In  Matrix  Y>  lose  1  from  tae  register 
position  li(b)  in  Order  L<3, 

Tho  control  i.a  thoa  returned  to  37  at.  before. 


XX  n,. _ Stou  -  Order  347 

If  tho  product  if.  complete,  the  miaon/l  iw»  Is  stopped. 


f. . - 


6343 

M  SHK>  HO  «  lib  sjy 


Xy 


iusksx  mnmoA'jioH  (coat 1  a,  } 


VIS 


ms 


<> 

vrAh*--;  ’n  M«Mliiim'.1. 

Coatees 

M—nufT* 'fci-'uM’rA  • 

Do  wjt  iptioa 

1  -  Iit’W'.r'  'i|  t%  i -r*vT-l  . 

Jf  s( 

a)  >  S(a  ) 

>!».  t<w*  *  /♦  „ 

.  - 

?T20 

OR 

64© 

£  * l'  10 

«;••  <  ’;*i 

S(c) 

£••  •x'b-wO  Tum'iilt 

323 

£ix 

.  cm 

&  1}  to 

lift! 

sag 

1  rn ' *  v  h 

V,’»*ibx*  VJ 

SS4 

OC 

S2l 

©rdor  31  to.  AO’ 

SS5 

a& 

54,® 

Add  1  to  6(c) 

523 

feSi 

SSL 

xtoGWi'O  ordero  33, 

rirn^«  ^ A- 1.  >*%»**»««  a  ■  w »*.< ^  a  » »u  *c*a>si 

$87  i 

wiwwrwurt 

0& 

S3' 

Or  (loir  8  t»y  AO 

SH?B 

•  £h?. 

650 

S’cma  «  3(l?v} 

S89 

«P 

S3? 

Oompar® 

.1  *«>'>*•** 


'A- 


u  s  0>  > 

*;*3?  S(*bt  ,? 

IS2SJ 

.  o& 

6? 

Ordo;r  SV  to  AO 

ASi 

ife 

SSS 

a©t,TO  to  isterfc’: 

^  iX» 

ta 

37 

Seetoiro)  ordar  S? 

*3  «!»$ 

OR 

OsAw  S3.  t,o  AO 

as* 

'aft 

s-m 

Add  I  to  Si'll) 

<2r*« 

0\J 

■fes 

SB 

Rasto:?®  ordev  S3 

«»  87 


Itc-,inr:>,  coatspoi  to  3? 


ndwa  Ko'i  M=-*53 


KAgBix  MggffLEUinflM  (Ooava) 


,'«gi  afe  as* 

Hfi,  ... 

Cont^at  z 

u  s(i»T“^  s(ik) 

Ke.i;o:?l>5tioa 

1 

S31? 

•  oa  87 

02'*®  ."  "?  to  A0 

1 

sm 

So.  883 

■  Fos’ia  3(a)  «  3('a,  } 

j.->  ' 

888 

op  547 

Ooflij?  an;/ 

If 

S40 

oa  360 

S(&  }  fee  A0 
■  ;a 

s  u 

fcly.l  353 

Client®  S(a,  )  to  ®a&  of  neat  to;® 

S4-8 

*a  880 

Efistojf©  5(a) 

343 

■ota  38 

Order  38  to  AG  , 

944 

8a  >m 

Bstnm  to  start  ol  c.oeoa&  aatrlx 

345 

t  $  38 

Rostors  order  SB 

846 

So  07  . 

Hotorn  control  to  S7 

If  B.<*)  3*  8(<fc> 

n*+  m.  iu  yi--t  i _ _  «»  Ii  , .  _,  1 _ . . Kvmrw.  jutiwxwfmUH/wwmrtw  • 

• 

m 

*~T-.«  .  Ih*>  fV»4M  nt 

S4P 

ft’ijOp 

rw*-I  »1*  i«t».n  Itf.fMnOnlMOW'  .  >hW  4"  •*>»"■•  tV«-x«rnlv  ■»*>»<  *-* •» 

jj  \) 

Start  cleared  • 

840 

X 

,  SBQ 

S(s^) 

Start  at,  and  of  flrct  vav  +X- 

SSL 

B(\J 

S5JJ 

Eotj  length 

S53 

S<\) 

, 

384 

0:ao  leas  than  th 

o  nnia'Qor  of  alearnta  1st  Matrix  B 

386 

XnlM&L  S(a) 

i 

■  \ 

566  1 

Ii>;ii;;Lal  8(15} 

887 

Initial  5(o) 

■^r-y  /?  Sr) 

^fcr&ctfSA  - .  C<S6‘uy<',y 

Robert  E0  Everett 

- 


A-SOSS^- 


h  4w 


,cj  io.^r 
toco  </>  ko 


9:  Z3  H  Z 


o 

z 

< 

o 

or 

UJ 

»- 

-J 

_i 

O 

Q. 

Q- 

3 

H 

1— 

O 

-1 

-J 

o 

3 

3 

oc 

S 

2 

Ql 

i 

l 

1 

or 

tr 

o 

< 

CD 

< 

3  !«*! 

I  8 

i , 

3  « 


—  1x1 

cr 


••  _  ’ 

lOi 

.  ^  i 

V)' 

vs>; 


-  i> 


A-3059S 


wr  JUNfpMJjW'1 1 1  . . 

I  '  . . .  r 


l  ,  .  -  . .  . . . . . . . . in  mri'*Hi*K|l**^^ki' 


I 


«0 

b 

2 

uJ 

J 

4 

> 

5 

or 

ui 


i n 
«si 
M 


2  $ 
O  o 


o 

o 

o 

o 


<p 

fO 

o 

</> 

< 


ul 

j 

h 

CD 

>• 

M 

2 

o 

2 

2 

o 

Ui 

oc 

4 

2 

Ul 

(0 

4 

o 

2 

(0 

o  ° 


°  o  - 

O  o  O 
“  O  O 


—  OJ  rO  ^  (D  0) 


CO  St  &  OJ  £ 

I  i  ft  IO  — 


o>  m  --  2 
ftj  id  a 


.*  j  >  } 

v  <  r  f  J  ' 

O'  !  ■•»  j 


A-C.0354- 


A-3o33>7  REGISTER  LENGTH 


-7>0?>t>7 


POINT 


A, -^oi^e. 


FIXED  AND  FLOATING  POINTS 


MACHINE  POINT 


BINARY  ADDITION 


U 


I 


—I— 


i 


ui 


4  to  to  K  if 
jNNKh 
;  M  nl  M- 
U - 


III 

O 


u 


_  r 


2  co 


M  O  00 


CM  MJ  \9 
<0  ^  «0 


-  z 


p' 

—  CM 


—  CM 

z  z 


Z  COI  PCM 


-  cvi 

z  z 


z  z 

*4  i 


O  o 

gii 

4  —  — 

252 


O - 

—  O  — 

—  —  o 
o—o 

—  o  o 


o  o 


—  o 
o  o 


cO - 

o  o 


o  o  — 
—  o  — 

O  —  — 


—  o 
o  o 


o  o 

I 


o  —  —  a  —  o 

12  oS  +  ° 
o—oo  o 

—  ©  ©  z  o 

©  —  o  §  o 

—  O  O  <£  o 

© -  o~  o 


—  o  o  -ft 
O-  o  „ 


'  ■  *"  V  v  M>f- ,r 


Q 

Z 

<  K 

O  UJ 

3  3 


Q.  Q. 


h  H 
J  _l 


3  D 

5  s 


«0  f“ 

CM 

CM 

10  CM 

*  If) 

<n  cm 

c 0  vO 

(0  — 

'M  -  o 

CM 

CM  -  « 

(0  <0 


(M 

O  (0 
<0  40  CM 


laemmj&ii  XiJmm.  '.. 


/V-  ^0405  ' 


BINARY  NOTATION 


» 


\n 


4 


f-fN 


OJ 


U- 

o 


c n 
a: 

Ui 

£ 

o 

Q_ 


if) 

I- 


fxl 

if) 

UJ 

CC 

CL 

Ui 

o : 


-  o  o 


0-0 


if)  UJ 

z  s 

5  Q. 


Zi 

o  o 
o  w 


.J 

< 


o 

UJ 

o 


o 

UJ 

o: 


o 

UJ 


•  • 

UJ 

-J 

ii 

II 

o 

II 

o 

II 

ii 

o 

H 

o 

Hw 

to 

o 

CD 

< 

X 

X 

X 

+ 

4* 

+ 

% 

o 

H 

— 

— 

o 

— 

— 

o 

if) 

z 

z 

< 

Z 

5 

o 

3 

H 

-J 

cn 

< 

O 

t 

O 

-J 

CL 

•  • 

z 

o 

O 

> 

q: 

< 

z 

o 

o 

!: 

o 

H 

o 

Q 

5 

z 

< 

5 

o 

in 

uo 

"0 

o 

W7 

II 

4 


lO 

cO 

O 

cO 


|0 

<9 


.  u$l*|r  ^  -  i  \  ^ 


3 

a 

id 


O 

01 

O 


Z 


y 

< 

o 


_l 

0. 


h 

J 

D 

2 


>• 

a 

4. 

Z 


(0 


MO) 
PJ  — 


CO 

0)  M 
—  cs* 


<0 

5 


w 

o 


h 

o 


o  r  _ 


o 

2 

O  Ui 


o 

o 

K 

0. 


Q 

0 

01 

0- 


-1  -l 

0.0. 


Hl- 

JJ 


< 

h 

01 

< 

0. 


J 

< 


y 

01 

i 


»- 

o 

3 

Q 

O 

01 

0. 


-I 

< 


01 

< 

0. 


cO 

* 

II 


o- 

o 

o 

o 

o 

_  _ 

—  o 

— 

— 

«■» 

-  o 

—  — 

o  o 

o 

© 

o  o 

o  — 

o  © 

o  o 

o 

—  o 

o  © 

o  o 

oo 

o  o 

o  o 

o  — 

—  o 

—  o 

—  — 

o 

©  o 

— 

CP 

o 

■'T 

O 

(0 


y  < 
u 

3 

O 

o 

01 

0. 


o 

o 

© 


eowe-v 


u 


A-2>o4o£ 


ROUNDING  OFF 


OIOIO  10 


DOUBLE  LENGTH  NUMBERS 


Ufa  *  . 


C  C  CNl 

t  I 


IM  (Si 


X  * 


o  i 


+  +  + 


4  o  + 
4 


'■ST-  v 


c  t  ^ 
i  i  c 

M  ^  L 


*  *  Q 

0  o  S 


+  + 


<  o 


■  ^  t<*  i.  if  £  ?  "i':  .-'tj-?,  - :  .  ; •  .  iiV  . ; 


,4,'j,1'  rUfi  ’•»;  I  •  Ar1-  -  , 


NEWT  OH  &  METHOD 


■n  +  i 


|x 

I 

. 

CM  X 

II  II 


c  P 

X  X  CM 


f 


l 

1 


o  o 

o 

— 

— 

o 

o 

— 

— 

—  — 

o 

— 

— 

— 

— 

o 

— 

o 

— 

— 

o 

— 

— 

o 

o 

X 

o 

4- 

o 

X 

o 

o 

+ 

o 

(/) 

— 

— 

cc 

— 

1 

UJ 

U  II 

11 

ii 

II 

u 

tl 

II 

It 

> 

o 

in 

o 

o 

2 

10 

o 

CM 

ro 

23 

o 

ro 

CM 

ID 

ro 

CM 

cc 

OF 

II 

s 

s 

3 

3 

3 

3 

3 

ii 

4 >  2 

H 

m 

in 

z 

UJ 

in 

o 

ro 

ro 

l— 

OJ 

< 

CM 

1 

>  = 

mm 

3 

S 

3 

3 

«■ 

cc 

3 

cc 

UJ 

o 

UJ 

2 

o 

CD 

2 

UJ 

CD 

2 

LlJ 

3 

>- 

3 

o 

z 

cc 

<  s 

s 

3 

3 

3 

3 

m 

m 

mm 

Z 

_l 

z 

3 

< 

5 

< 

2 

2 

o 

o 

UJ 

UJ 

a 

Q 

4-  +  4--H+++**- 

N  oo  ^  ^  n  ro  —  O 

—  in  oj  — 


u  n  n  **  '<*  *»  u 

CVl  CM  OJ  CM  OJ  OJ  CM 

•I*  #l*  +  *1*  +  + 

^  CO  ^  ^  ,o  — 

12  id  oj  —  1  n* 


« p 

4lr 


9)i »oe-v 


•  .  ■ 


3Tti« 

5W* 


-  ■  ’’  j  f*i* 


% 


.a 


••  0 

O  V, 


»'•  Ui 
1.0 


—  i 
»  i  u 


1  -  P  I 


i  1  t 


-J 

/ 

— 

1*  J 

r 

/> 

L- 

u. 

L-L 

I' 

J\ 

1- 

z 

L. . 

/> 

Lu 

a 

0 

* 

LU 

U  ) 

„) 

Lu 

'  0C  I 


li,; 

i  ''  j  '  i 


rV 

f-'-  (V) 

.a 


i  f~ 

"  v  O 


i ,  r 


_ i 


••  '"!}  & 

1. 1  r. '!  ;; 


2  NT. 

I  -3  1  (<)! 

u  T  •'* 

A  i 

?  ■»  <  .. 
St;3  S 

5  .,i  •  i 

<1 

*f  «  o' 

r  a 

(  p 


-- .  I.U  C) 
lu  I  ..1 

_J  Ll.I  “•  ■ 


>.  U_ 


•  » •  .••.  i  r-  ■»«'  »  ■  • 

*►-  *-•  V.  •• 


MBSOW*lSKrM  XO  fv 


Lr.v'Ja  R..-  Brown 


:;Ufc\TK»"Xs 

J;AB: 


High-Speed  D igit ol~ Goacyatar  Glrculto 
April  Sc  1*94? 


0,345 


A  c 

g'ji  V  i 

11 

73 

.1  outre  t 

i  0 1 

SJ 

.1  V— 

■2303  9 

A= 

30*137 

Jrjr 

30439 

A- 

30  436 

£s~ 

30401 

30468 

A- 

30*33 

A- 

30469 

S:r 

30426 

A~ 

30434 

iv 

30431 

A-- 

30470 

£\r 

6a 

0 

*t2* 

3 

A* 

30425 

30433-1 

ib 

304V'. 

L- 

304:33-1 

tatr 


aot;o:a 


$ha  circuit  a  to  bs>  dieouessed  pro  these  of  the  flhirlwlad  I  eoRf/mter,, 
bhirlwiad  I  being  a  parallel”  type,.  >  igh~  speed,  digital  coxiputar,  at  present 
la  the  design  stage.-  A  presentation  of  all  tic  circuit*  of  the  computer  would 
hSj,  of  course*  impbeaible  in  the  time  available..  Only  a  email  pert  ion  of  the 
computer  will  ba  dioouijoedt  those  parts  of  the  arithmetic  elewjat-  used  for 
the  addition  of,  two  binary  numbers *  Limiting  the  dlscmssilon  to  a  email  part 
■jf  tbs  compute*  will  make  possible  a  more  logical  ©nd  detailed  treatment  of 
that  part  than  would  bo  p  xseibla  if  an  attempt  were  made  to  dl-scmea  the  entire 
ootapatar *  2?roifi  the  circuit  point  of  viewt  very  little  :L»  lost  by  than; 
limiting  the  discussion.  She  Yarione  parts  of  Vito  computer  arc  actually 
built  up  from  a  .few  basic  circuit®  envolvlsg  only  one  or  two  tubsol  !Sb©se 
basic  circuit a  say  be  regarded  as  the  building  blocks  for  the'  computer 
She  difference  bet wo on  %bo  part  of  the  computer  to  bo  discussed  and  the 
abhor  parts,  if  4a  the  arrangement  of  those  basic  circuit »••  ®to  amir<?.e - 
meat  of  .the  basic  circuit  3  la  bast  shown  by  the  block  diagrams  Mock 
diagram®  are  to  bo  discussed  in  next  week ‘a  paper. 


Fir at*  the  circuit s  in. the  arithmetic  ©.lemonfc  neceoanry  for  th® 


addition  of  two  binary  numbers  will  be  presented.  Seconds  some  general 
principle  s  of  circuit  design  will  b©  discussed*  Shird,  soasa  to -salt  3  of  tha 
experimental  work  done,  by  th®  laboratory  will  be  pro scat od. 


Q Irani t®  for  Addition 

Before  th®  discneolon  becomes  confined  to  the  arithmetic  dement e 
the  relationship  of  the  arithmetic  0 lament  to  this-  rest  of  the  ooasputsr 
must  ba  shown,.  ,  ' 


$ ha  five  parts  of  the  computer  are  shown 
i'ho  control  sends  to  the  other  parts  of  the  compute 


in  l  Hurl  rat  ion  A* 20339 
r  the  timing  pul 00 a  which 


•■'*•■  '<■■’■  "lU&i  .>*•,!  Avi.  ££.<35Ks3«  v^vU-a^'a 
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C: 


ar«  nocescwy  be  perform  the  ope  ratio  a  a  culled  for  by  the  programs. 
storage  pro v:;.da e  storage  for  the  program,,  input  data,  and  partial  j;e 
She  orTthawtio  e3.or-.snt  can  add,  subtract,.  multiply,  or  divide  two  nc 
aw  diotate^  *by  the  control--  33?.®  Input  and  output  are  also  shown* 


/.‘iio 

f.T'.lt  £  ., 
Uilso-i’  S 


Tha  parts  of  tli©  arithxaeilo  element  which  ace  used  in  add* tionr 
with  th®  conneotiona  from  the  control,  jjb  shown  in  Illustration  A- 5-0629 * 

Two  registers  are  used,,  the  A  register  and  tho  nooumulator »  A  rsgitter 
has  a  digit"- storage  ©lament  in  each  column  and  the  accumulator  is  a 
register  which  can  add  two  binary  number  a..  Ths  A  register  and  the  zceusulatoi* 
will  be  discussed  in  more  detail  later* 


low  consider  the  steps  which  are  necessary  to  execute  tho  addition 
of  tv;ct  numbers  with  storage  of  tit©  sum*  Initially*  both  lb©  A  register  and 
the  accumulator  or©  clear-  Tho  augend  will  appear  on  the  diglt^trar sf or 
buss  at  scum'  known  ties.  The  digits  of  the  augend  wil 3.  be' represent* e.  by 
short  voltage  pulses  and  tri.ll  appear  simultaneously-  on  the  bus  oabljsi, 
them?  b'/iing  one  3ms  cable  for  each  digit  ooltuan*  The  presume©  of  a.  pule© 
will  represent  a  on©  sad  the  absence  of  a  pulse  will  represent  a  Koro*  At 
the  correct  time*  by’ wean o  of  the  connection  labeled  hue  to  A  ragislsr,  the 
control  will  open  the  gate  and  lot  the  augend -go  €ro«  the  buy  to  the  A 
register  .  &:s«  the  gate  between  the  A  register  and  the  accumulator  is 
rjpemv.d  by  means  of  the  connection  labeled  A  register  to  ft&cuKittia'oor ,  per- 
slitting  the  number  to  go  to  the  accumulator*  Then  the  A  register  ii  cleared 
by  -means  of  the  connection  labeled  clear  A  register  ■--  At  the  proper  tlno, 
th/i  first  gate  is  opened  again  and  the  addend  io  permitted  to  go  from  vh© 
bns  to  the  A  register*  Then  the  gate  between  the  A  register  and  the. 
yncuawlator  ie  opened  and  the  addend  goon  to  the  accumulator  where  ft  is 
added  to  the  augend.  To  complete  the  addition,  the  connection  from  the 
control  labeled  carry  It?  used*  .The  carry  will  be  described  later*  By 
naans  of  the  connection  labeled  accumulator  to  bus,  the  sum  may  b®  {.cat  to 
th®  digit- transfer  bus  .• 


The  functions  neocssary  to  perform  the  addition  of  two  binary^ 
number®  are  th®  functions  necessary  in  the  accumulator*  So  that  th«  so 
functions  may  be.  clearly  understood,  binary  addition  will  b*  review  A* 
Th©  four  possible-  cases  of  addition  of  two  binary  digits  are  shown  i* 

1  <~.~augond 
■»!  addend 

A  carry 

*0  t< —  partial  bubi 
1 

wuMitan 

10  •*—  sum 


0  10 

+0  *0  +1 
WWUIUII* 

Oil 


t 
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Th©  procedure  .for  binary  addition  wltJa  ordinary  aingle-narry  stops  '  b  as 
folio  vs;,  add  the  two  numbers  and  obtain  a  partial  sun  and  car.vi.00  Shif 
the  carries  cue  column  to  the  left  and,  add  to  fcho  partial  ox«a0  ©bin  laiag 
a  partial  sum  and  carries,-  Shift  the  carries  again  and  add#  otc-,  .intil 
ne  e-arris  a  remain »  When  dealing  with  H -digit  number?),  a  carry  way  lave 
to  be  shifted  3  t lifts 0  ■-  hr.  e  sample  of  this  la  shows* 


I, 


0001  tmgond 

3L1LI  addoad 

yi  «?—  lot  carry 


mo  — 

partial  awn 

fi  «*-— 

2nd  oru.'y 

1100  < — 

partial  sum 

1 

a 

3rd  carry 

1000  < —  partial  stua 
1 

l  « —  4  th  carry 

^0000  « —  partial  sum 

lOObo  «. —  sum 


This  1®  tiro  equivalent  of  adding  one  to  9,999  in  the  decimal  eye  tea  •-  After 
seine  practice#  one  lepras  to  writ©  the  final  sum  in.  one  otsp  instead  of  five 
as  in  the  ©acampl© The  accumulator  can  be  oonstraoteft  to  perform  &:i  addition 
in  two  steps  Instead  of  M*1  steps .  The-  two  stops  are*  one#  obtain  partial 
sum  and  oarriea;  two#  props  gate  carries  to  the  left  and  add-.  A  b  In/ wry 
addition  Is  shown  in  Illustration  A-30401*  Hot©  that  a  carry  oaanc  propo- 
g&t©  to  the  left  past  a  sero  in  the  partial  sum.- 

The  basic  circuit  used  ns  the  storage  element  in  the  register*  is 
a  flip-flop  (raslataaca-ooupled  multivibrator  or  Bool© ©-Jordan  trig* jar 
olronit)  v  A  circuit  diagram  of  a  flip-flop  is  shown  in  Illustration  A-304S6 * 
She  flip-flop  has  two  stable  states;  one#  oenduoting  and  V?  cutoffs  • 

tw«o  cutoff  and  Vc,  conducting*  Hogativo  pulses  are  used  to  oet#  reset,, 
or  trigger  the  flip-flop,  When  reset  by  moans  of  a  negative  pulse  nt  the 
reset  terminal,  the  digit  stored  is  a  siero  end  the  plats  of  is  a",  a  low 
potential.-  She  fact  that  V.t  is  shaded ,  indicator  that  la  normally  con¬ 
ducting  or  conducting  whan  reset*  When  set  by  means  of  a  negative  pule©  at 
the  sot  terminal#  the  digit  stored  is  a  om  and  the  plate  of  V-  is  at  a  high 
potential*  Tho  digit  stored  may  b®  determined  'by  sensing  the  voltage  at  the 
plat a  of  V-,  *  When  triggered  by  moan®  of  a  negative  poise  at  the  trig* 
terminal #  the  flip-flop  will  transfer  to  th©  oppooite  state  regardX'tisi  of 
its  state  when  triggered*  The  symbol  for  a  flip-flop  io  also  shown  ip,  th© 
Illustration-. 


'  *  Si  IP  \  I  H  £  t  ,: 

ii  ±Jk  .  ..  ,r.  -  ....  -■  .  ,..  .X, 
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Another  basto  circuit  io  oho  gate  circuit  A  gate  oircui*  it. 
shova  la  Illrvfitratloa  Aj304S?/5  „  Grid  1  or  grid  2  oau  cutoff  plate  curjrants 
i,o  plats  current  can  flow  only  when  grid  1  and  grid  3  are  above  u.ttoff ••. 
Sot-1),  grids  are  normally  biased  below  cutoff.,  Tho  input  and  gate  pulooo 
must  bo  positive  and  a  negative  output  pulse  i?  obtained .  The  tiyaiboL  for 
a  gat®  tub©  or  gate  circuit  is  also  nfcov,a „ 

A  gato  circuit  will  eh  does  not  invert  the  input  pules  1  is  eh-iwn  in 
Illustration  A- 39431 «  A  pul  no  transformer  to  used  la  the  plat®  circuit  to 
re  invert  the  puls®-  She  pole©  traasi  jXubv  will  bo  described  in  oo®a  detail 
later  Who  same  symbol  is  used  for  this  gate  circuit,  as;  do  used  for  the 
first  g;ita  circuit. i 

Th©  A  x-ogistar  nay  bo  constructed  from  the mo  two  basic  ci.v<;uitOr 
the  flip-flop  and  the  gat®  circuit »  ‘iVo  digit  column,  the  first  ttivit 
coltuun  and  the  aoooad  digit  column  of  tho  a  regl  titer  are  shown  in 
Illustration  A -394 2? »  A  gate  pulse  from  the  control,,  by  mans  of  the 
connection  labeled  bug  to  A  register r,  lota  tho  .ausaber  on  the  bus  cables  go 
through  tho  rgaA^la  gate  tub® a  and  sot  tho  flip-flops,.  Thus  tho  number  3» 
transferred  from  tho  bus.  to  tho  A  rogtotar A  pulse  from  tho  control  on 
th©  connection  Inhaled  A  reglgtoi’  to  aoonmnlator  will  paca  through  tho 
road-out  gate  tutor  hold  open,  by  u.i«  flip-flops  end  go  to  the  acovjmilntor .. 

A  pulse  from  the  control  on  the  connection  labeled  clear  will  clear  the 
A  register  by  resetting  all  the  flip-flops  which  have  been  sot.. 

M  accumulator  using  ordinary  alagle-oorry  ©taps  for  addition  is 
shown  in  Illustration  A~3Q43$»  Only  two  digit  columns  are  shown  Tvro 
flip-flop  a  are  used  in  each  column £  one  sot  to  store  the  partial  ounir  tho* 
partial  sum  fllp-flopos  and  tho  other  set  to  store  tho  oarrias»‘  the 
carry  flip-flopa  Suppers©  tho  augoad  is  already  in  the  accumulator  and 
the  aldend  is  about  to  ha  added  to  it.-.  She  carry  flip-flop®  are  all  s©ro«  ■ 
Tht)  digit  pul  ass  froio  tho  a  register  go  to  %'m  trigger  tarrain&la  of  'Th® 
partial- aosa  flip-flops,.  In  all  columns  whexe  a  on®  is  added  to  a  one#  the 
digit  stored  in  the  partial- own  flip-flop  becomes  a  ssero  and  fch©  digit 
stored  in  the  oarry  f  lip-flop  become#  'a  on©'.  Or,®  plat©  terminal  of  the 
partial- sum  flip-flop  is  coupled  to  the  set  torsila&l  of  "the  oarry  flip-flop 
00  that  whenever  the  partial- aua  flip- -flop  Is  triggered  from  on®  to  s  @roc 
the  carry  flip-flop  Is  set*  In  any  column  there  are  only  three  possibilities? 
one,,  both  partial- cult  ami  oarry  flip-flop  sero;  two*  partial- aura  flip-flop 
one  and  carry  flip-flop  Keros  th.ro©P  partial- sum  flip-flop  aero  and  carry 
flip-flop  am  Both  the  partial-arm  and  carry  flip-flop  cannot  simul- 
taaeously  aontain  a  one , 

The  next  steps  of  tha  adding  oo^uanoo  are  to  shift  and  add  tha 
oarrlos  as  many  times  a®  arc  neoost.ary.  Transfer  the  oarriow  ono  k  dlusea 
to  the  left  avid  add „  a  pula®  from  tho  control  an  the  rarry  oonnooti<  u  will 


I 
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&  through  the  carry  gat  a  tubas  hold  cpon  by  the  carry  £  lip  -flops  which 
store  one  a*  .1!  &  carry  flip-flop  store;*  a  on© ,  the  paisa  will  pane  Ihrougii 
an,  open  carry  gate  tub®  Hud  trigger  the  partial- son  flip-flop  la  the  aeacfc 
ooIucaa  $fc©  carry  flip-flop  Id  reset  by  the  carry  poise  a  short  tine 
later.-,  She  delay  elasamte  used  are  elnply  abort  piece  a  of  cable  having  a 
relatively  low  velocity  of  propcg&fclosu  If  the  partial-ana  flip-flop  la 
the  second  column  already  has  a  one  in.  At0  &  carry  digit  stored  in  the 
carry  flip-flop  of  that  column  mat  result ^  In  thin  event,,  the  carry 
flip-flop  should  not  bo  set  until  after  the  delayed  carry  pulse  froa  the 
control  has  reset  the  carry  flip-flops., 

rf:ho  carry  digits  way  have  to  he  transferred  and  added  H  sira&Ov 
Ship  means  tfc©  control  may  have  to  send  carry  pulses  K  tisao 

An  accumulator  for  high- op«o4  addition  its  shown  in  Illustration 
A~3Q433<.  Only  two  digit  ooluamc  are  shewn*  Again  suppose  the  ©xypnd  is 
already  in  the  accumulator  and  the  addend  ta  about  to  ho  added  to  it.,  7f 
the  partial- wo®  flip-flop  in  s  given  column  already  has  a  one  stored  in  IX 
a  digit  pul»©  from  the  A  register  will  go  through  the  ct  ore -carry  gate  tubs 
held  open  by  the  partial- susa  flip-flop  end  set  the  carry  flip-flop,,  th© 
partial- sum  flip-flop  being  triggered  bach,  to  Kero  a  short  timet  thereafter* 
If  the  partial- stua  flip-flop  had  stored  a  aero  and  a  on®  was  added,,  the 
carry  flip-flop  would  not,  have  boon  sst* 

.  JPhio  accumulator ‘ use o  high-speed  carry-.  A  single  pula©  frost  th© 

control  on  the  carry  connection  will  coapl© bely  clour  -the  carry  flip-flops 
and  will  causa  the  sob  to  appear  in  the  partial- sum  flip-flops,,  However, 
a  oai-ry  digit  my  still  have  to  bo  propagated  the  length  of  the  register. 
.In  the  high-speed'  carry,  one  carry  digit  may  travel  the  length  of  the 
rpgi atsr , 


2?h©  high-speed,  carry  circuit  operate®  aa  follows.',  a  pul  a®  frea 
the  control  on  iho  carry  connection  finds,,  pay,,  the  carry  gats  tube  of  the 
firot  digit  oolnm  o.pone  !«©«-,  a  curry  digit  etored  Isa  theT first  digit 
oaluBva,  i'h©  pu3.aa»  now  rapre Boating  the  carry  digit,-,  goes  to  the 
ha gh" ^peed-carry  gate  tubs  controlled  by  the  partial-  cum  flip-flop  in  tho 
nocond  digit  colusm,  If  that  flip-flop  store a  &  omv  the  carry  digit 
will  go  on  to  the  next  column,  etc-.  A«  it  goes,  it  is  delayed  ht  each 
column  and  used  to  trigger  tho  partial  suss  flip-flop.,.  *Eh®  carry  flip-flop 
lia  also  reset  by  the  delayed  carry  pulse  -•  '  A  -sat  of  road-out  gate  tube  a 
Is  controlled  by  the  partial-soft  flip-flops  for  sending  the  "tsutt  to  the 
bus.  ©is  control  otua  transmit  the  cue  to  the  buo  by  means  of  the 
accumulator  to  bno  connect  ion-.  She  control  asm  dear  the  partial-sum 
flip-flops  by  means  of  the  clear  connect ion*  She  carry  flip-flops  are 
automatically  cleared  during  the  carry 
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Principle e  of  Circuit  haplgn 

The  general  principles  of  circuit  design  Bay  be  sum oarissd  in  sa© 

paragraph* 

She  problem  mat  bo  ©olvod  in  ooaio  given  real  .time-  a  program  of 
the  solution  of  the  problem  will  show  the  naisbnr  of  operations,-,  i .  c t  transfer 
additions  *  multiplications ,  ,©to«*  to  bo  performed  in  the  solution  of  the 
problem*  Thd  number  of  pulse  intervals  required  for  each  operation  will  then 
determine  tho  pulse  repetition  frequency,  When  the  pul  so  repetition  frequency 
la  toxn/u.,  the  order  of  magnitude  of  the  pulse  rise  time  and  fall  tiaa  5, a 
known,! ‘  Sow,-  vacuum  tubes  which  sre  available  ;Lr.  fairly  large  qaajxtiticw 
and  whoso  characteristic s,  ©qpeoially  reliability 8  are  well  established, 
should  be  used  if  possible »  Conventional  types  of  tubes  should  be  used- 
5?hsn»  something;  la  know,  of  the  physical  el  eg  of  the  circuit  u  and  tho  Gppr<>3d» 
mate  value  of  the  shunt  capacitances  in  tho  circuits  osx>  bo  e-stiisafted 
Knowing  th«  required  rioo  time  and  fall  tin®  and  the  shunt  oapaoitaaoos* 
the  load  veointcr^  arc  determined*  Mhos,  a  tube  type  1b  selected*  the 
approximate  poise  amplitude  required  Is  determined  by  the  transfer  charac¬ 
teristic  of  tho  type  selected*  i’ha  problem  is  to  pick  a  tub©  that  will  pro¬ 
vide  a  current  through,  the  load  resistor  sufficient  to  produce  the  required 
p-oJ.no  amplitude*  Furtherraore#  by  far  the  best  gate  tube  at  the  present  tin® 
i»  tho  6AS6j  5Jh®  pulse  amplitude  for  the  Whirlwind  1  computer  has  been 
selected  on  the  basis  of  tho  transfer  characteristic  of  the  6AS6  * 

All  the  computer  circuits  can  bo  conotructed  with  flip* flops,/ 
gate  tub ©o,/  crystal.  rectifiers,  and  delay  linos  &q  the  building  bloekou 
AIbcr  buffer,  or  power*  amplifiers*  invertors and  p-uiee  roishapers  will  b» 
no  ossuary...  -  , 

Helittbillty  is  of  utmost  importance*  A  failure  at  on®  point  will 
lead  to  a  meaningless  result*  Components  of  high  quality  ®u«t  be  uoad  with 
conservative  ratings.  Because  large  naabora  of  vacuum  tubes  will  be  uaedu 
approximately  three  thousand  tar  Whirlwind  lf  vacuum* tub©  life  io  particularly 
important*  •  2fho  tube-life  problem  i»  a  serious  one*  Is.  &a  effort  to  prolong 
tub®  life*  Manufacturers*  ratings  of  electrode  dissipation  will  'bo  reduced 
by  a  factor  of  two* 

As  was  stated  previously*  tho  dl;?lt.  pulse  amplitude  will  b®  deter¬ 
mined  by  the  transfer  characteristic  of  tho  tuba.?  used*  A  typical  transfer 
character lot ic  is  shown* 


je>  . 


t-'.if--; 


Sha  normal  operating  point  should  few  an  far  aa  possible  bslov  out.  rJ£~.  B  0 
to  avoid  trouble  from  spurious  signals,  However,  operation  far  below  cu'.off 
will  iafcroduo®  more  dolny  An  a  pulse  having  a  finite  rim  t due ■,  Operation 
far  below  out  off  alno  requires  a  Larger  voltage  change  in  the  preceding 
stage?  necessitating  a  larger  tubs  la  the  preceding  otage  to  obtain.  t.!ie 
earns  rise  tlao-. 


Xf  the  grid,  of  the  tube  la  not  driven  positive  there  1«  no 
possibility  of  grid  clipping  and  tho  operating  point  for  the  top  of  the 
pulse  will  be  on  the  ntaep  portion  of  tha  transfer  character! at io. 


If  the  grid  Is  driven  positive  and  a  clipping  real  a  tor  1b  used., 
the  rifle  and  fall  times  introduced  will  be  appreciable*  Consider  tho  6 ASS 
gate  circuit  shown  in  Illustration  A- 3043?=  The  &-q  transfer  charaobcrintlc 
la  alno  Shown •  Jtefco  K  j  equal  tc  10  volts.  Drive  the  grid  to  +2  volts;  at 

this  point  0.4  rai?.lia«pereo  of  grid  current  flow  and  the  grid  hao  a  static 
reslotanco  of  five  thousand  ohnec  Suppose  a  twenty  "thousand- ohm  limiting 
r isolator s  JJ  ,  is  used  eo  that  the  input  terminal  must  be  driven  to  ❖ID  volte* 
Tha  input  oapaoitanoe*  of  the  tub®  and  socket  sight  bo  as  low  as 

6  mloromlorof  arado >  If  a  20-volt e  0  =  26  mioro second  pula®  having  vertical 
rise  and  fall  la  applied  to  tho  input  terminal r,  of  the  circuit,  the  resulting 
waveform  at  tho  grid  will  be  similar  to  that  shown  in  Illustration  A=  10436. 
The  time  constant  of  tho  rise  and  fall  in  the  negative  grid  region  Is 
0,1  micro second <  Hot©  the  delay  and  lengthening  Introduced. 


An  a  third  alternative,  th©  grid  may  bo  driven  positive  with  no 
grid  limiting  resistor.  The  operating  point  will  then  be  oa  the  steep  part 
of  the  transfer  characteristics.  The  maximum  cafe  grid  voltage  io  established 
by  tho  power  the  electrodes  within  th©  tube  can  dissipate  and  the  current 
that  own  by  drawn  from  th©  cathode* 


In  tho  Whirlwind  X  computer,  two'  pula®  repetition  frequencies  will 
be  used*  One-megr.oyclo  pulse  repetition  frequency  will  bee  used  fox  every¬ 
thing  except  tha  arithmetic  dement  and  a  four-msgaoyole  pulse  repetition 
froqnehoy  will  bs’  used  for  tho  arithmetic  element,.  This  results)  la  puis© 
Interval »  x»f  an©  micro  second  and  0*26  mloroneoond.  The  pulse  length  isast 
be  short  oompared  to  tho  pulse  Interval  because  a  pulse  will  b®  lengthened 
and  delayed  in  going  through  gate  tubes «  power  amplifier  u,.  oto.  A  pul  so 
representing  a  digit  Eaxat  not  slop  over  into  a  fclrao  interval  belonging  to 
norao  other  number  or  order =  Aa  a  consequence,  the  fall  time  da  as  important 
as  th,®  ri so  time.  Rectangular  voltage  pulses  are  preferred  because  a 
rectangular  puls®  can  go  through  these  extremely  non-linear  gat®  tubes,,  ©to., 
and  ooffi®  out  aa  a  rectangular  pules  with,  ao  delay  with  ro  spool,  to  tha  input 
pul  co .  Of  flours®  rectangular  pulses  cannot  be  realised  A  pul  fee  s.B  iearly 
rectangular  as  practical  will  be  used  and  i*e shaped  when  necessary  •' 
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is  o?.d«,T  to  ashiero  aharl:  .fine  road  fall  tins a,  tb®  lead  resistors 

iTOi3«  1:&  fenpt  «;•.», IX .  Shunt  capacitate©  i:;  cnaecaatersd  e'/arywhere >  Gensidw 

tte  p3iv;c?  lead  of  a  gats  oirouit  nrdag  e  lvOQO~<0sn  pi&t-j  load  re  sister...  She 

circuit  ala-gran  is  vhoaa..  O  (.•-  t 
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2h®  t»o  ground  capucittmea  will  bs  at  la&at  30  mio:?a»lcrof  arad a ..  2ha 

fall  os’  the  wt;pvvfr  pvtiso  will  hove  a  time  constant  of  0,02  adore  seconds;  tbs 
rise  tsinae  will  be  s.’at>vt«r  than  tbs  fall  tiro©  ‘bscae.ns  %'ha  load  resistor  In 
effectively  jparallslsd-  by  the  plate  resiot&aoe  of  t»he  tuba  daring  th©  ?!»©* 
2h®  waivcferss  at-  the  plats  will  fc®  cltailsr  to  tine  wavefo;?^  shown  .- 


A  BKa.il  indwetanos  in  aerie®  with  fcha  plate  load  resists?  will  improve  tha 
vim  and  fall. 


fXjT^ 


Sob»  over’shoob  vl.ll  be  introduced  a®  shown  .> 


2b®  difficulty  in  coupling  ia  that  th©  tine  interval  between  pulse® 
is  often  variable)-.  SRso  Interval  asy  vary  between  0»36  micro  second  and  "ten 
Minute®  i».  bypioaJ.  coupling  circuit  is  ebowao 
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\t  va  reform  If  The  waveform  of  tt;o  delayed  jmlwe  c -ft 
On  ly  tv  o  ate  goo  of  the  high  tpeed -carry  circuit  wove 
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The  circuit  diagram  of  a  hlvh--  apesd  flip-flop  1®  show.*  in 
Il.lv.c1.  cat  lot.  a-30428  *  The  flip-fl-^p  ueea  pentodes,  #,  to  refines  the 
grid-*  3-plats  oapaeitance  ■  Bias  for  the  grid  return  Is  obtained  by  uw  of 
a  SCO-  ohm  cathode  resistor;  the  current  through,  this  resistor  In  oouetnot . 
Koto  th**  use  of  tho  10  mlcroffilcroforad  compensating  capacitor s  to  improve 
the  x*  e®  tlse  at  the  control  grid  Also.,  note  tha  lcw-reBiutsaoe  load  and 
plate  to-grid  voltage  dlvidex  Duly  the  trigger- input  terminal  Ifl  shewn. 
Waveforms  at  one  plate  t*srolual  of  the  hi^-  speed  11  ip" flop  arc  shorn  in. 
n,lt\et;ratioi.  A- 304^1 .  Waveform  £  is  for  a  0  .0?6-  aogaoycie  trigger.  The 
affipllttcde  of  the  voltage  change  in  £5  volts  and  the  rise  time  and  fall  tin* 
are  less  then  0.1  alorotiocond  Waveform  B  Is  for  a  megacycle  trigger,. 
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The  'outstanding  prohlom  faced  p,t  the  pro  cent  tine  is  the  tube  -life 
problem  A  high  duty  factor,,  as  high  as  0.86,  aggravates  the  prohlsmo  'Ah® 
effect  6  of  olootroda  dissipation,  cathode  cur  rout  „  and  heater  voltage  on  tube 
Ufa  la  not  adequately  undei' stood  The  variable  pvdtso  repetition  f  oqnxmoy 
cauBffls  many  coupling  difficulties.  In  order  to  facilitate  ©hocking  some 
direct  f}oupl ing  will  ho  used-  Chocking  methods  havo  received  iittlo  attention 
at.  tho  pro  sent  tins 
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Wo 

shall  begin  with  the  standard  computer 

block  diagram, 

Illustration 

A-30339,  uaeu  In  several  of  the  previous  seminars  This  diagram  shows  the 
basic  component n  of  the  computer  These  components  have  been  discussed 
briefly  before  but  more  from  the  point  of  view  of  what  they  can  do  rather 
than  how  they  do  It  Mention  has  beon  made  of  acme  of  the  arithmetic  element 
details  a  detailed  discussion  of  the  storage  will  have  to  wait  until  later 
seminars  Discussion  of  the  input  and  output  will  also  be  deferred  In 
particulars  little  has  been  said  regarding  the  control  In  this  seminar  1 
shall  endeavor  to  discuss  the  control  and  to  Bhow  something  of  how  the  com¬ 
puter  will  work 

First,  let  us  approach  the  problem  of  determining  needed  elements 
by  building  up  a  system  piece  by  piece,  justifying  each  new  element  an  It  is 
added 

Consider  Illustration  A- 30440  ■  Every  operation  must  he  ordered 
We  need,  therefore,  a  supply  of  order e  within  the  machine  Those  order b  can 
be  kep't  in  the  element  marked  Storage  Suppose  that  this  Storage  Is  arranged 
as  a  number  of  storage  places  which  we  call  ref  Waters  In  order  to  facilitate 
obtaining  the -contents  of  those  registers,  let  them  be  numbered  consecutively 
from  one  up  to  the  limit  of  storage  capacity  Thus,  each  order  will  be  put 
In  some  numbered  register  and  can  be  obtained  by  having  tho  storage  read  out 
the  contents  of  the  register  having  this  number 

We  also  need  some  means  cf  remembering  these  or  hero,,  that  is,,  we 
must  know  what  order  to  perform  next  There  are  several  methods  available 
It  is  possible  to  have  each  order  contain  Information  as  to  where  in  storage 
the  next  order  is  to  be  found.  This  method  has  certain  advantages  but  is 
wasteful  of  storage  npace  Instead,  consider  the  fact  that  orders  are 
usually  used  in  a  definite  sequence-  This  is  not  always  so,.  In  fact. 
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fl6.xibli.tty  In  she  choice  of  whet  order  ie  to  be  used  ig  a  very  iuij.jorl.aif 
ability  of  a  computer,  but  the  large  majority  of  timed  order «  are  teed  one  , 
after  the  other  If.,  therefore,,  the  orders  ur©  otorecl  in  the  desired 
sequence  In  adjacent  storage  registers,  they  can  be  obtained  by  reading 
otit  of  these  registers  in  consecutive!  order 

How,  let  us  provide  a.  counter  which  we  will  use  to  store  the 
register  number  of  the  next  order  to  be  used  Normally,  rtf i er  each  order 
in  extracted  and  curried  out,  a  one  can  bo  added  to  the  counter  The  next 
order  to  be  extracted  will  then  be  the  next  in  the  storage  sequence  .It 
must  bo  possible  to  change  this  sequence  when  desired  Changing  the  number 
in  the  counter  will  be  considered  later 

Illustration  A- 30441  chows  how  an  order  is  set  up  Tho  counter 
holds  the  number  of  the  register  which  holds  the  desired  order  This 
register  number  La  read  out  lute  the  bus  through  a  3et  of  gate  tubes  05  ■ 
Attached  to  the  storage  must  be  a  switch  which  can  be  used  to  rich  the 
desired  one  of  the  a borage  registers  The  order  number  travels  down  the 
bus  ©rid  through  another  set  of  gate  tubas  to  set  this  switch  The  desired 
storage  register  has  now  been  chosen 

Illustration  A-30442  shows  the  next  step,  extracting  the  order 
from  storage  The  gate  tubes  on  the  storage  are  opened  and  the  order  read 
out  into  the  bus,  A  problem  then  arises  as  to  what  to  do  with  the  order, 

Ab  discussed  In  a  previous  seminar,,  the  orders  consist  of  two  section© 

One  section  la  the  operation  order  which  could  now  be  sent  directly  to  the 
operation  control  The  other  section  is  tho  storage  register  number  which,, 
since  Its  purpose  is  to  choose  a  number  from  storage „  should  be  sent  to  the 
storage  switch  It  is  possible  to  keep  orders  and  numbers  In  two  different 
storages  but  to  do  so  would  reduce  tho  flexibility  of  the  machine  with  few 
compensating  advantages.  It  is  preferable  to  have  one  storage  which  holds 
*  both  orders  and  numbers  and  to  allocate  such  sections  of  that  storage  as  are 
desirable  to  each  use  The  storage  switch  has  already  been  rot  to  choose 
the  register  holding  the  order  The  orders  cannot  bu  sent  directly  to  this 
switch  since  no  time  is  available  for  clearing  and  preparing  it  fo  the 
reception  of  a  new  switch  order 

A  new  register,,  the  PR  ox  Program  Register,  ia  provided  for  storing 
the  order  until  the  storage  twitch  can  be  cleared  The  same  bus  to  need  for 
tho  transfer  Tho  gate  tubes  on  ths  switch  are  not  opened 

Illustration  A-30443  shows  how  the  operation  ia  set  up  The 
storage  switch  has  been  cleared..  The  order  is  read  from  PR  into  cue  hue  and 
from  the  bus  Into  the  stbrage  switch  and  operation  control  switch  The 
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opera t Ion  control  switch  ieco&os  the  operation  order  and  sets  the  operation 
control  for  the  desired  operation  The  storage  is  set  up  to  connect  a 
particular  register  to  tin  bus  either  for  sending  or  receiving 

A  complete  arithmetic  operation  ouch  as  on  addition  requires  three 
complete  orders,,  two  to  send  the  numbers  to  be  added  to  the  arithmetic 
element,  and  one  to  store  the  result  It  i e  possible  to  reduce  this  number 
if  a  result  is  to  be  used  immediately,  thus  saving  storing  the  result  and 
then  bringing  it  back  to  the  arithmetic  element  for  the  next  operation  In 
general  the  first  order  will  transmit  one  number  to  be  operated  on  to  the 
arithmetic  element  Illustration  A- 150444  shows  such  an  operation  Tho 
storage  gate  tubes  are  opened  and  the  de  tilled  number  read  out.  into  the  bus 
The  input  gate  tubes  of  the  arithmetic  element  «ro  also  opened  allowing  the 
number  to  go  into  the  ari ilunotic  element.  Some  additional  operations  such 
aa  clearing  may  be  needed  within  the  arithmetic  element  The  operation  con¬ 
trol  will  supply  t.ho  nece  usury  order  pulses 

The  next  order  will  put  the  second  number  into  the  arithmetic 
element  und  order  the  operation  to  bo  performed.  Tho  entire  sequence  bo  far 
described  mu at  be  gone  through  for  each  order  One  io  added  to  the  counter 
The  counter  contents  are  read  into  the  storage  switch  via  the  ous  The 
order  ia  read  out  into  tho  program  register  and  from  there  to  the  storage  and 
operation  control  switches.  The  new  number  la  read  Iron  storage  to  the 
arithmetic  element  where  the  deoired  operation  is  carried  out  under  the 
control  of  the  >peratlon  control  - 

Illustration  A- 30445  shown  the  storage  of  an  ari  time  tie  .result  , 

The  output  gate  tubes  of  '.he  arithmetic  element  are  openeu,  tho  result  trans¬ 
mitted  to  the  bus  and  into  storage  via  tho  storage  input  gate  tubas 

All  the  orders  described  In  an  earlier  seminar  with  four  exceptions 
are  described  by  the  above  sketches  Tne  td  order  Ib  the  seme  as  the  storage 
order  except  that  only  part  of  the  digits  in  tho  arithmetic  element  are 
transferred  to  storage.. 

Tho  four  exceptions  are  the  shift  right  and  left  ordoro  and  the 
sub-program  and  conditional  rub-program  orders ■  The  shift  orders  to  not 
require  transmitting  a  number  from  or  to  storage  since  the  number  to  be 
shifted  already  lies  in  the  arithmetic  element.,  Tho  usual  procedure  ia 
followed,  the  storage  switch  is  eot,  but  the  storage  is  net  read 

The  nub-program  operations  are  shown  ir.  Illustration  A- 30446  The 
order  has  been  extracted  from  storage  and  stored  in  PR-  Prom  JJK  too  order 
has  been  transferred  to  the  storage  and  operation  control  switches  As  with 
the  shift  operations „  the  storage  is  set  up  but  not  read-  The  operation 
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control  transfers  the  register  position  section  of  the  order  in  i’R  to  the 
counter  The  next  order  to  te  taken  will  be  the  one  residing  •  n  the  register 
designated  by  the  sub-program  ordei 

conditional.  sub-program  order  la  shown  in  the  9 owe  illustration 
The  operation  control  sends  a  pulse  to  the  arithmetic  element  If  the  sign  of 
the  musour  in  the  accumulator  la  negative  as  evidenced  by  a  positive  sign 
digit,,  ( see  the  previous  seminar  on  logic  for  a  discussion  of  negative  number 
representation),,  the  pulse  is  stopped  and  nothing  further  occurs  The  next 
order  In  sequence  as  given  by  the  counter  will  be  taken  and  the  computation 
proceeds.  If  the  number  in  the  accumulator  is  positive  the  wise  will  be 
returned  to  the  operation  control  switch  where  H  will  change"  the  switch 
setting  from  conditional  sub- program  to  sub-program ,  The  register  position 
section  of  the  order  in  FR  will  be  transferred  to  the  counter  as  with  the 
sub-pregram  order  and  the  order  sequence  will  be  changed 

So  far  today  I  have  not  discussed  the  mechanism  by  which  the  con¬ 
trol  ardors  the  opening  and  shutting  of  gates  and  transfers  numbers  and 
information  in  the  machine,  This  ordering  can  be  accompli  sled  by  supplying 
pulses  to  the  equipment,  at  the  right  places  and  at  the  right  times  The 
pulses  to  be  supplied  for  setting  up  the  order  and  oper&tior  are  Independent 
of  the  operation  to  he  carried  out.  The  pulses  to  be  supplied  In  ordering 
the  actual  operation  are  dependent  upon  the  operation  contjn  1  switch  sotting 
We  need,  therefore  a  supply  of  pulsus  which  appear  on  different  lines  at 
different  specified  tnaeo  during  the  course  of  a  computation  period  These 
lines  can  then  bo  connected  to  those  parts  of  the  equipment  which  are  to 
receive  pulses  at  the  corresponding  time  We  need  further  the  ability  to 
change  these  connections  according  to  the  operation  to  be  carried  oat 

The  basic  device  needed  for  a  control  of  this  type  Is  an  electronic 
switch  Such  a  switch  ia  shown  in  illustration  a- 30454  This  switch,  which 
lo  a  simplified  vei’aioa  of  the  types  which  will  be  used  in  the  actual  com¬ 
puter,  consists  of  a  number  of  flip-flop  circuits  whose  plate  loads  are 
connected  to  ipt-  through  a  diode  matrix  The  switch  shown  contains  only  two 
flip-flops  Ac  each  of  nhoge  flip-flops  has  two  stable  states,  the  switch 
lias  lour  possible  positions.  By  adding  more  flip-flops,  more  positions  may 
be  obtained  The  number  of  positions  =  3  whom  n  «  number  f  flip  flops, 

xhe  switch  operates  as  follows-  Consider  the  condo  lions-  <inder 
which  only  the  right,  hand  tubes  of  a  flip  flop  Vo  on.'  These  tube-  will  be 
drawing  plate  current  while  the  left-hand  tubes  of  the  flic  flops  111  be 
cut  off  and  vill  be  drawing  no  plate  current-  tubes  draw  current  through 

the  diodes  from  B-  via  tht  lead  resistors  at  the  left-hand  side  of  the  dia¬ 
gram-  lixaminat  ion  of  the  diagram  will  show  that  O.s.te  current  is  being 
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drawn  through  only  the  thrae  lower  resistors  Tbs  top  lino  of  the  switch 
la  connected  only  to  the  left-hand  tube a  of  the  flip-flop  Ho  current  Is 
drawn  through  the  upper  resistor  and  therefore  the  upper  line  will  .remain 
at  B+ .  The  lcwor  three  linos  will  he  at  a  potential  lass  than  B*  by  the 
drop  in  the  load  resistors-  The  upper  line,  therefore.,  is  at  a  positive 
potential  with  respect  to  the  lover  three  and  can  he  used  for  controlling 
a  gate  tube.  Suppose  ws  change  the  condition  of  one  of  the  flip-flops, 
eay  the  left  one  ho  that  the  left-hand  tube  of  the  left-hand  flip  Hop 
drawn  current  while  the  right -land  tube  of  the  left-hand  flip-flop  does 
not  Plate  current  will  be  drown  througli  the  upper  resistor  by  the 
left-hand  tube  lowering  the  voltage  of  the  upper  lino  It  will  ho  soon, 
however,  that  the  third  lino  Is  not  connected  to  tiny  of  the  on  tubes  Ho 
current  will  be  drawn  through  the  corresponding  .resistor  nod  lino  three 
will,  bo  nt  B+  Hash  of  the  four  pc  oslble  positions  of  the  tube  flip-flops 
re suit a  in  a  different  output  line  being  at  B+„  Diodes  are  used  to  prevent 
voltage  feeding  hack  to  tie  on  line  and  to  keep  sill  the  off  lines  at  the 
same  potential 

.Illustration  A-h0452  shewn  how  a  switch  of  this  type  can  be  used 
to  make  a.  time  pulae  distributor  which  will  produce  time  pul bob  on  different 
lines  This  distributor  consists  of  an  eight- way  diode  matrix  switch  such  as 
has  Just  been  described  The  eight  outputs  are  supplied  to  tw  -grid  gate 
tubes  while  the  flip-flope  driving  the  switch  are  connected  together  in  a 
counter  circuit  Suppose  now  that  all  the  flip- flops  are  in  their  off 
condition  and  that  the  corresponding  condition  of  the  switch  io  Ui&t  the 
uppermost  gate  tube  be  on  A  clock  pulse  comes  in  from  the  loft,  goes  down 
through  the  connecting  line  sad  up  to  the  grid  a  of  all  the  gate  tubes  If 
the  upper  gate  tube  is  on.  a  pulse  will  appear  which  is  ; averted  by  the 
transformer  coupling  and  will  go  out  as  a  positive  pulse  on  thf  first  line 
If  all  the  other  gate  tubes  are  off,  no  pulses  will  appear  on  the  remaining 
seven  linen  After  the  puloe  has  com,©  out  of  the  upper  gate  tube  It  will 
finish  its  travel  through  the  delay  line  at  the  lower  left  and  will  go  in 
and  change  the  condition  cf  the  first  flip-flop  This  will  change  the 
switch  position  ao  that  tie  upper  gate  tube  will  go  off  and  the  second  gate 
tube  will  go  on  The  appearance  of  the  next  clock  pulse  therefore,,  will 
result  In  a  pulse  on  the  second  line  and  no  pulses  on  any  other  linwa.  The 
second  pulse  will  change  the  first  flip-flop  back  to  a  aero  the  overflow 
from  this  flip-flop  tripping  the  second  flip-flop,  In  like  manner  each  gate, 
tube  in  turn  is  opened  ao  that  the  corresponding  clock  pulses  will  come  out 
In  consecutive  order  starting  with  the  top  line  and  finishing  with  the  bottom 
line,  After  the  last  piileo  appears.,  the  switch  will  be  reset  and  the  next 
pulse  will  appear  at  the  top  line-  Tha  distributor,  is  receiving  a  continuous 
string  of  clock  puleos  and  dividing  them  up  no  that  they  appear  in  consecutive 
order  on  those  different  lines  If,  then,  a  collate  operation  is  considered 
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t  be  atm’ted  when  the  first  clock  pulse  appears  out  ol  the  ti'iie  p  Isu 
distributor,  It  la  only  noce  miry  to  connect  the  different  11  n;  a  t  those 
parts  of  the  equipment  which  are  to  receive  pulses  at  the  corresponding 
time  to  have.  a  simple  control  which  will  carry  out  the  setting  up  of  the 
order 

Illustration  A- 30453  shows  how  a  time  pulse  distributor  an  be 
used  In  conjunction  with  she  operation  control  switch  to  order  the  different 
operations  The  time  pulse  distributor  Is  the  same  as  thaf  just  described, 
the  pulses  appearing  in  consecutive  order  on  linos  one  through  eight  The 
32-position  switch  is  the  operation  control  switch  which  it?  supplied  with 
the  operation  control  part  of  the  order  Only  one  of  the  L-«  possible  out 
puts  la  selected  at  any  given  tine 

The  row  of  gate  tubes  la  used  to  connect  the  time!  pulses  to  the 
varlouu  parts  of  the  equipment.  These  tubes  aro  selected  according  to  the 
position  of  the  operation  control  switch. 

Consider  the  leftmost,  gate  tube  It  is  connected  to  the  eg  or 
clear  and  add  order  line  )f  the  operation  switch  and  to  this*  line  only 
Therefore*  whenever  a  £&  operation  is  carried  out  this  gate  will  ho  on 
and  the  Ho.  1  time  pulse  from  the  time  pulse  distributor  will,  go  out  the 
line  to  whatever  parts  H  is  connected  In  any  other  operation  this  gate 

tube  will  be  off  and  no  fc  line  pxxl.se  will  go  out  The  next  pair  of  gate 

tubes  have  their  outputs  connected  together  and  go  to  one  particular  port 
of  the  equipment.  However,  they  supply  time  puleeH  at  different  trines 
according  to  the  operation  to  be  carried  out  The  left-hand  gate  tube 
is  connoctod  to  the  ca  line  while  the  right-hand  gate  tube  its  connected 
to  the  ce  line  Therefor*,,  when  a  ca  operation  Is  to  be  carried  out.,  a 
time  pul ae  will  appear  at  time  2  on  this  line  while  when  the  operation 
is  being  carried  out,  a  time  pulee  will  appear  at  time  3  for  all  other 
operations,  no  time  pulse  at  all  will  appear  The  fourth  gale  tube  io 
connected  to  two  of  the  operation  lines,  the  add  and  subtract  operations 
Whenever  au  add  or  subtract  order  has  been  selected*  a  tme  pulse  will 
appear  at  time  4  on  the  output  of  this  gate,  while  on  all  the  other  operations 
no  time  pulse  at  all  will  appear  The  last,  gate  tuoe  i  s  like  the  rot  except 

connected  to  the  ad  order  and  time  pul eo  Me,  2  Actually  for  the  oiachlne 

there  will  bo  some  forty  or  fifty  of  those  gate  tubes  and  the  connection 
matrices  will  be  quite  large  However,,  one  8-positlon  time  pulse  distri¬ 
butor  and  a  32-poeitlou  switch  will  be  adequate  for  Whirlwind  I  control 

I  would  now  IJLko  to  describe  the  control  aeufasary  for  carrying 
out  a  binax-y  multiplication.  Illustration  A-30404  shows  the  modif  ed  binary 
multiplication  described  in  one  of  the  earlier  semi  earn  The  sequence  of 
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operation!*  1©  as  follows  erasinie  the  rightmost  d Igl t  o:'  ihe  .cult  pi  l<-r 
Add  in  tho  multiplicand  1:'  thin  digit  la  a  one  Fol3'jvin«  oach  examination, 
shift  both  multiplier  and  partial  product,  to  the  right  one  digit  Again 
examine  tho  now  rightmost  digit  of  tho  multiplier  and  add  in,  tho  multipli¬ 
cand  the  shifted  partial  product  if  this  digit  is  a  one  Cont  riue  this 
process  shifting  multiplier  and  partial  product  at  oach  step  until  eve  "J 
digit  in  the  multiplier  has  been  used  The  product  will  now  bn  co  iple  .e 

The  basic  essentials  for  this  multiplication  are  shown  i' 
Illustration  A-3044'?  The  multiplicand  is  stored  In  a  binary  rcgi  ter,  the 
A  register,  while  the  aril4  ipller  la  stored  in  a  second  binary  reflate*  the 
B- -register  The  product  Is  built  up  in  the  adding  unit  ot  the  «cc  umlntoi 
or  AC.  Gate  tubes  are  provided  for  adding  tho  content b  of  the  A- register 
into  the  accumulator 

Illustration  A-v-0448  shows  the  addition  of  a  sensing  device  for 
examining  the  rightmost  digit  *f  a  multiplier,  A  gate  tube  is  con. acted 
to  tho  rightmost  digit  flip-flop  of  the  B  -register  in  such.  fashion  that 
this  gate  tuba  is  on  when  the  digit,  of  the  rightmost  column  of  the  S-register 
1©  a  one-.  A  pul  so  is  now  supplied  to  this  gate  tube,  and.  If  the  multiplier 
digit  is  a  one,  the  gatn  Ui.be  between  Ait  and  AC  will  bo  opened  and  tho 
contents  of  AR  will  he  added  to  AC 

Illustration  A- 30449  stows  the  means  provided  for  shifting  the 
multiplier  and  partial  product  by  one  digit-  A  second  gate  tube  i;=  pr, - , 
vided  which  io  also  connected  to  the  rightmost  digil  of  the  .B-regiUer 
This  gate  tube  1©  arranged  so  that  it  is  on  when  the  rightmost  dig;  t  in  cv 
zero  When  a  pulse  in  supplied  to  this  gate  tub©  the  contents  of  ,be 
accumulator  and  B-regl ste*  are  both  shifted  to  the  night  one  digit  The 
digit  which  would  ordinarily  be  shifted  off  the  accumulator  is  put  lute  the 
now  empty  ©pace  in  the  left-hand  end  of  tha  K-regi titer 

Illustration  A- 30450  shows  a  complete  system  for  carrying  out  tho 
succeselve  additions  of  a  multiplication  The  clock  pulses  are  applied  at 
the  bottom  line  If  the  rightmost  digit  of  the  multiplier  s  a  zero,  gate 
tube  Ho  2  will  be  on  aiid  gate  tube  Ho  1  will  bo  elf  The  deck  pulse  will 
pas©  through  gate  tube  Ho  .  2  and  cause  the  partial  product  u  AC  and.  the 
multiplier  in  BR  to  be  shifted*  to  the  right  ono  digit,,  A  new  multiplier 
digit  will  be  put.  In  the  sensing  position 

If  the  rightmost  digit  of  the  multiplier  f©  a  one,  gate  u.be 
No,l  will  be  on  and  gate  tube  Ho  2  will  bo  off.  The  clock  pulse  will 
pass  through  gate  tube  Ko  1  and  add  the  contents  of  Afi  into  AC  This 
puls©  after  passing  gate  tube  Ho  1  will  also  return  to  the  Input,  i  f  tbs 
rightmost  digit  of  JiB.  changing  it  from  a,  one  tc  a  zero  The  next  pule© 
to  corns  along  will  find  gate  tube  Ko  2  on  and  will  shift  instead  c  f  add 
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At  each  vsuep  x£  the  process.  partial  product  and  m.-.iiipHer  r  »r.  ‘v-h 
?ae  multiplicand  la  added  to  the  partial  product  prior  to  the  shit  ii  Uu 
multiplier  digit  is  a  one  If  the  multiplier'  digit  i  c  nor*.,  t  •  e  eh  ft  only 
Is  performed 

Illustration  A- 30451  shoves  the  complete  ailtinlicatl  on  eontr  1 
A  flip-flop  is  used  to  control  a  gate  tube  on  the  slock  pulse  input  slier 
a  multiplication  is  desired  a.  pulse  if?  sent  into  tale  flip- flip  turning 
on  the  gate  tube  and  sending  clock  pulses  to  the  gate  tube  control  preo 
vloualy  mentioned  for  forming  the  successive  additions  of  the  ami  ^-..plication 
A  counter  is  supplied  for  staling  the  additions  when  the  multiplication  '  a 
complete  At  each  shift  this  counter  is  indexed  one  point.  When  the  counter 
is  full,,  it  will  send  an  overflow  pulse  down  to  the  input  flip-flop  turnlrg 
off  tho  clock  pulse  gate  tube  and  stopping  the  multiplication  •  The  counter 
is  set  so  that  this  multiplication  operation  will  ba  stopped  after  ove'-y 
digit  of  the  multiplier  has  been  sensed 

jt  would  bo  possibla  to  order  the  smltipUcatiou  operation  using 
the  control  distributor  described,  previously  The  main  control.  is  used 
for  ordering  some  of  the  simpler  operations  such  ns  addition  and  sub¬ 
traction-  Mare  complicated  operations  such  c.s  multiplication  and  dlvisior 
may  be  more  simply  and  efficiently  accompli  shed  by  using  al‘  separate  con¬ 
trols  of  the  type  mentioned 


*9- 


Ha  Serf  JT  live  re  t  v 


RPK  has:  vh 


A -3035^- 


k-SOAA'Z 


1 


|||j|Pl|PiPp^w 


^S< 

& 


I  f” 

n  ° 

CL  ^  3 

H  z  0 
-J  <  ft:  fc 
3  O  UJ  0- 

S  3  -J  j 

^  0:  -  1 

£  -J  J  a 
a  3  =3  < 

2H 


OQ  o  -  O 

Q  o  o  o 

UJ - 


a  8 

uj  u. 
□  j 
Q.  < 

^  h  H 

z  3  q: 

<  3  < 

o  I  a 

3  Q  Q 
CL  ill  UJ 
Z  h 

□  a  t 

^  i  x 

1  in  cn 


o  o 

o - o  - 

-  o - o 

-  o  o  -  o 

o  -  -  o  o 

.  -  o 


\~ 

u 

3 
Q 
0 
a  o' 

UJ  Q_ 

ii 

s^s 

t  3  < 

Ss  £ 

_l  D  Q 

0.  U1  “) 
—  i  r* 


^  X 
2.  V) 


o  o  o  o  o 

-  o  o  o  o 

- o  o  o 

o  o  o  o 

-  -  o  - 


•  *  “  I  1 

O  J  5f  o  z 

2  =  ft  ?  4 

<  5  “■  0-  o 

O  D  _l  J 

j  QU  <t  q. 

q.  ui  !r  u  c 


a  I 
?  (ft 


3  X 

2  <n 


o  o 
o  o  o  o  o 

- o  o  o 

—  o  o  o 

O  -  O  - 

-  o  o 


O  H 

z  J 

4  D 

5  s 

3  D 
a  ai 

3  i 
i  S  (ft 


J— 

Q?h 

40 

aS  h 

QO  0 

Ulfc  3 

J-Q.  Q 
U.  o 


O  o 

O  o 
o  O 
o  o  o 
o  -  - 
—  o 
o  o  - 


— 

04 

ro 

a 

Ol 

d 

a. 

lli 

UJ 

UJ 

UJ 

\~ 

V) 

H 

<n 

H 

(0 

\— 

(P 

A  -^044 


MULTIPLICAND 


vmmiimm  m-vd 


ScrvoimchanioWB  Lahorat ory 
Massachusetts  Institute  of  Technology 
Cambridge ,  Mas  gachuea 1 1  g 

Yritten  by:  Jay  Vi..  .Forrester  ■  634b 

Subject:  Digital  Computers  in  Science  i'age  1  o  '  3  png 

Beferencsc  "Machine  Computation  of  Power  Network  Performance" 
by  L'..  A„  Dunfltan,  AJJl-B-  Tochnical  Paper  47-87,, 

Docemoer,,  1946 

Late:  April  9„  1947 

In  the  preceding  seminar  discussions  we  have  considered  the  nature 
of  electronic  digital  computers  and  have  studied  3ome  of  the  circuits  used 
for  arithmetical  computation  Block  diagrams  of  a  computer  system  have  boon 
outlined  and  the  nature  of  some  mathematical  problems  which  will  be  en¬ 
countered  in  numerical  analysis  have  been  indicated  by  I)rt  Loud. 

One  should  emphasise  certain  characteristics  of  olecthonic  digi'  al 
computers  which  have  already  been  touched  upon  Electronic;  computers  of  .-he 
type  discussed  will  be  practical  only  when  used  in  each  a  manner  that  v&s  - 
amounts  of  computation  can  be  accomplished  in  proportion  to  the  amount  o.f 
manual  setup  and  programming  which  is  required-  One  way  in  which  this  ca  i 
be  accomplished  was 'outlined  by  Mr  Everett  in  his  discussion  of  generalised 
matrix  multiplication,.  The  generalised  program  for  matrix  multiplication 
involves  only  forty -seven  control  orders  and  is  capable  of  multiplying 
together  any  two  matrices  of  siae  within  the  capacity  of  the  machine  Thu 
forty- Eoven  orders  are  sufficient  to  control  a  computation  requiring  up  to 
hundreds  of  thouenn&s  of  operations-  The  matrix  multiplication  1  is  an 
exempt  of  use  of  the  machine  for  computation  of  its  own  controlling  pro¬ 
gram.  The  outline  of  the  problem  to  be  accompli  abed  bars  bean,  given  to  the 
computer,,  but  details  in  the  carrying  out  of  the  individual  steps  are  com 
put.ed  by  the  machine  aa  it  carries  out  the  required  numerical  operations, 

Engineering  has  now  reached  a  viewpoint  long  held  by  the  mathe¬ 
matician  in  indicating  the  solution  of  a  problem  The  mathematician  cite  i. 
considers  his  problem  solved  whan  the  form,  of  the  solution  is  known  and  when. 

It  cqn  be  witten  down  in  a  compact  symbolism.  Matrix  operations  give  ue 
one  example  of  this  symbolic  notation-  Others  car#  be  found  in  the  aummat  on 
of  aeries  and  in  many  fords  of  mathematical  shorthand.-  Sines  thin  mathe¬ 
matical  shorthand  notation  contains  in  it  all  of  the  information  necessary 
for  the  solution  of  the  problem,,  it  is  entirely  possible  to  mechanise  the 
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shorthand  notation  rather  tin  in  the  Individual  otepa  of  tie  conputa'.lcu 
The  computer  Is,  intreforu,  able  to  carry  out  a  Ion,'  ijerleii  of  opej.at  loan 
the  plan  for  which  ha?  been  Indicated  only  in  outline  or  symbolic  fox ;Jo 
Generalized  program®  of  the  name  typo  ill  titrated  for  matrix  multi  iioati:,  :j. 
could  equally  veil  to  arranged  for  the  solution  of  ordinary  1 5 roar 
differential  equations  or  the  evaluation  of  determinants  and  for  trie 
evaluation  arid  auaaa&tion  cf  series  operations., 

In  the  field  of  engineering  we  can  also  expect  that  similar 
shorthand  methods  of  netting  up  problems  will  com  into  tine  Take  for 
example,,  the  aolutlon  of  alternating  current  network  problems 
Mr,.,  L  A  Dun  a  tan  of  The  federal  Power  Commission  gave  a  paper  at  the 
last  American  Institute  of  Electrical  Engineers*  Convention  in  Hew  York 
City  describing  the  manner  ih.  which  ha  had  used  punched  card  calculating 
machine?  for  the  point i’on  of  alternating  current  power  systems  Mr  Dunetao. 
stated  that  even  with  punched  card  equipment  and  the  relatively  large  aaouat 
of  manual  operation  involved,,  it  wna  still  possible  to  solve  n~c  power 
systems  in  approximately  the  same  amount  of  time  required  on  the  network, 
analyzer  He  also  stated  that  approximately  one-half  of  tha  total  tine 
was  required  in  the  planning  of  the  problem  and  la  the  selection  of  the 
circuit  loops  which  were  to  be  solved  It  can  bo  readily  imagined,,  how¬ 
ever,  that  with  a  sufficiently  power fa!  and  flexible  digital  computing 
machine  a  generalized  program  could  bo  established  for  the  solution  of 
the  a~c  network  problem  Such  a  solution  might,  bo  ret  up  on  a  nodal  basic 
After  sufficient  information  was  provided  through  the  input  mechanisms  to 
completely  describe  the  power  system,  it  should  be  unnecessary  for  the 
operator  to  describe  the  exact  method  in  which  the  solution  will  be 
accompli  shed c 

A  generalized  program  for  solution  of  the  n-c  network  system 
involves  mathematical  operation  in  complex  quantities  and  la  equally  well 
suited  to  computations  lu  ;be  fields  of  vibration  and  strata  analysis. 

livery  advantage  possible  marl  he  taken  of  the  'large  scale  digital 
computing  machine  It  is  not  sufficient  that  one  merely  use  it  to  replace 
the  human  operator  of  a  ae  jk  type  calculating  machine  Since  the  electron  c 
digital  coiqouter  can  f c  11  cv  almost  any  operation  of  control  or  computation 
which  can  be  described,,  H  is  essential  that  one  use  the  computer  insofar  1  s 
possible  for  the  preparation  of  original  data  and  for  the  correlation  and 
interpretation  of  results  of  computation  As  on  example.,  consider  the 
solution  of  ordinary  differential  equations  with  time  as  the  independent 
variable  Where  the  oolntr.on  of  several  dependent  quanti  ion  is  obtained 
aa  a  function  of  time,-  it  fa  often  desirable  that  thoBe  quantities  be 
plotted  against  one  another  rather  than  age  Inst  the  independent  variable.- 


He  mu  i  hj  <  jjb  K-  ?6  LV  j‘J *  1 

In  such  a  problen  the  computer  Should  be  used.  1  >r  the  requ •  rod  aor-  .  ug, 
interpolating,  ar  i  plotting  jf  the  result  in  the  exact  form  desired  <o 
final  v.r.e 

Many  research  pr*  grans  in  physics  and  mathematics  ary  now  olockt  d 
by  the  excessive  numerical  computing  necessary  to  the  next  step  ol  progre  ,o 
Correlation  studies  In  economics,,  medicine  and  the  social  sciences  oust 
have  fcht,  solution  of  large  determinants  which  only  high  speed  computers  and 
a  better  under  standing  of  -ho  underlying  mathematics  can  provide 

After  a  large  coale  computer  has  been  in  use  for  a  period  oi  tii 
libraries  of  control  programs  will  be  built  up  and  become  available  lor  uuo 
on  future  work  'rogieJne  for  the  solution  of  many  classes  ox  problems  can 
be  prepared  and  other  programs  for  special  problems  can  often  be  built  up 
as  composite  groupings  of  joctione  from  programs  on  file 

A  large  scale  electronic  digital  computer  will  be  an  expensive 
piece  of  equipment,,  aud  in  order  to  be  practical  it  should  e  Kept  in  operation 
most  of  the  time  Furthermore  continuous  operation  of  such  a  computer  w  11 
be  highly  desirable  for  the  reduction  of  vacuum  tube  failures  and  lor  he 
resulting  increased  reliability  and  free don  from  operating  trouble  To 
provide  sufficient  computing  load,,  it  may  be  necessary  to  extend  the  sphere 
of  usefulness  of  the  large  scale  machine  ay  long  di stance  teletype,  connections 
Methods  are  now  being  con  si do red  for  teletype  transcribing  equipmerd  tor  he 
remote  transmission  of  problems  to  large  scale  computing  equipment  r  an  i  are 
being  formulated  for  mathematical  venters  in  several  sections  of  the  United 
States  whers  large  scale  electronic  computers  car:  be  located  To  these  v  11 
go  problems  from  organize*!  one  with  insufficient  computing  load  to  justify 
large  scale  machines  and  operating  steff  of  their  own 
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Introduction 

today's  di  jcueaior.  Is  concerned  with  mat!  amt,. ideal 
problems  connected  with  the  use  of  high-speed  digital 
computers  und  net  with  their  design  As  ><i  conse¬ 
quence  ,  thrro  It  little  dojenden.ee  of  to&aj  « 
discussion  on  the  talks  given  In  the  past  two  weeks 
by  Mr-  Forrestei  end  Mr  Bverettc  CM®  manna  in 
particular  there  will  bo  nc  binary  computation  and 
no  complicated  program  orders  Alt  that  if  Resumed 
J»  a  machine  which  can  do  ca-lthmet  Ic  or  r  program 
of  arithmetic  computation.,  i’b©  only  proper  ties  of  a 
Whirlwind  <  omputer  which  are  different  from  a  desk 
calculator  are  those  of  ept «&,  and  ability  to  follow 
a  program  automatically.,  it  may  aeon  premature  to 
study  prohj  ems  of  use  of  a  machine  when  the  machine 
la  not,  yet  In  existence,,  b\  t  It  appears  that  the 
machine  will  be  able  to  her, .die  problems  involving 
more  mathematic a  than  we  now  know  about. 
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I  shall  discuss  mathematical  problems  .fro*  the  point  of 
vie  v  of  error  a  arising  In  the  numerlcAl  solution  ot  a  phy.vi.cal  pro  b*- 
lew.  when  we  solve  a  physical  problem  by  numerical  methods-  we  begin 
by  formulating  the  pi'bblsui  in  mathema ;<ica.3.  terms,,  usually  differentia 
equations  or  integral  e qua t lone  Wo  should  r-.otlco  hero  that  this 

almost  always  involves  an  idealization  of  the  problem,  The  true 
physical  situation  is  toe  complicated  to  express  in  terms  of  m,atho 
mattes  which  can  be  easily  handled.-  VJo  uao  differential  equations 
because  continuous  mathematics  is  most  easily  handled  with  -ur 
present-day  knowledge  -  However,,  it  la  possible  to  over*'” idealize  a 
problem.  It  may  well  be  that,  though  the  physical  problem  has  a 
eo but  ion,  the  idealized  problem  may  fail  to  lava  a  solution*  or  Its 
solution  may  not  tell  the  true  physical  situation.  For  examples 
we  have  worked  with  >vr  oscillating  ay  stem  that  exhibited  suotalned 
0 actuations.  If  In.  the  analysis  of  the  system  the  equations  wero 
made  linear,  the  mathematical  solution  failed,  to  predict  sustained 
oscillations,  but  would  only  predict  damped  esc  Illations:.  Thus.  by 
over- simplifying  the  problem  wo  fall  to  obtain,  even  a  qualitatively 
correct  solution.. 

Oaoe  the  problem  la  formulated  schematically e  n  numerical 
method  of  solution  .la  devised  end  carried  through-  Again,,  approxi¬ 
mations  are  made-  A  .Turner  ica!  process  is  a  discrete  .process  and  as 
a  result  cannot  possibly  give  the  true  solution  of  a  continuous 
mathematical  formulation.  Tiro  result  of  such  a  process  in  a  sequence 
of  numbers  which  bears  so m  relationship  to  the  physical  problem . 

Beoause  of  the  many  approximations  matte,  this  sequence  of  numbers 
la  almost  certain  to  be  In  error.-  Thar®  are  three  principal  sources 
of  error  in  the  process  described  above,  The  first  Is  improper 
mathematical  formulation  of  the  problem  by  over- Idealization.  The 
second  source  of  error  is  the  error  which  is  deliberately  intro¬ 
duced  by  using  a  discrete  process  to  solve  a  continuous.  problem 
Such  errors  are  called  truncation  errors r  They  receive  their 
nanus  from  the  fact  that  when  a  numerical  integration  is  performed,., 
the  value  found  is  .a  truncation  of  the  area  represented  by  the  integral* 
Moat  of  the  discussion  of  this  talk  will  be  concerned  with  truncation 
©rrer  The  third  source  of  error  le  rounding  off  At  every  inter¬ 
mediate  step  of  the  solution  we  have  a  number  which  le  expressed  with 
a  finite  number  of  decimal  places.  This  is  almost  always  an  approxi- 
aatl on*  and  thus  introduces  an  error.  Analysis  of  rounding-off  error 1 
is  exceedingly  difficult. 
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to  wry  nlmj  In  comes,  cns-r  wh^re  the  »*x«ct  solution  Is  hwwn  There 

nr©  .  number  of  reason*  fur  restricting  ouru  i'»  .1  t;  wuch  caser.  i'rnt 
of  r  1,  the  t:*uKcatlon  error  can  he  analyzed  orqj  lie 1  .ly .  .'.loo  tiniest 
vo  k  .cv  the  true  solution  vo  c.ianot  appraise  .he  eri  >r  veil  -  The  theory 

cl*  c!  1  fere nt ini  equations  provides  theor*iinu  which  vl  1  give  an  ^s  laitie 

of  t  uncalled  error  in  very  geaoral  cf  tea.  However  for  a  specific 

prot  cm  these  theorems  ar  <  much  too  crude  Still  &i  ithor  leaeca  for  ten- 

lining  ourselves  to  pr  obi  os  b  vh^ro  the  exact  xolutlci  la  let  own  la  the 
Temp  .atlon  to  accept  h  nu  lerlcai  solution  as  -eason#  ‘<ly  pocurate  when  It 
la  the  only  solution  we  h-yva  The  only  way  of  obtaining  a  solution  in 
tany  probleme  lr.  a  numerical  nwtnod,  however  a  nui  *rloel  solution  mey 
be  b.dly  In  error  aa  we  eiisll  see  It  1b  always  th<  teajtttlon  to  lee] 
that  the  nunierlc'il  solution  la  a  good  approximation  o  the  true  solution 
became  It  In  the  beat  we  have  A  set  of  nuimera  li  prtrtt-d  neatly, 

look}  vary  Imp  re salve,  out  a  v*ong  jet  of  f Igurt a  lc  >ke  Just  an  iaipretu-ivr 

an  a  correct  net- 

Therefore  this  afternoon  we  shall  ,<olve  • vo  .  if  i ercntial 

eque  tlon*. 

,  d2 ' 

"  *"■  y  and  11  *y  i'hese  nra  squat  or.e  or  which  the  ewu  t 

dt  at“ 

solution  Is  known  The  solution  of  the  first  li  y^  z  the  value  of  y  for 

t  -  0,  le  y  *  yne the  eolutiou  of  the  second,  11  *  ')  arid  =  1  for 

X  dy 

t  =  0  in  y  =  Bin  t  Let  is  consider  the  rume rival  lutlo’  of  =  ; 

Tire  atepp.  are  Illustrated  In  Illustration  A-»i04hH.  e  will  flrd  upprexi 
mate  valuee  of  y  for  t  «  0,  h,’  Hhr  3h,  *  ,  ah,  . To  proceed  Iron 

one  step  to  the  next,  we  assumi  that  la  constant  .n  lie  Int'-rvnl 

C-  ’• 

considered  ane  n*»B  the  value  winch  the  differential  quatlcn  prescribes 
at  the  beginning  of  the  iutervnl  In  finding  the  vi  ue  et  t  «  h  wo 

fitart  with  y^  at  t  =»  C,  and  asuime  that  he  i  the  instant  valu3  y^  for 

t  between  0  and  h  Under  this  assumption  .y  ,  the  valve  cf  y  for  t  «  h, 
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v.J.'U  tie  yQ  +  y  b  or  y,  .(1+h)  -  To  find  taq  -/ilue  of  y  for  t  *  2b  w* 

atjiinu-o  that  has  the  con at ant  value  y.  for  t  between  h  and  2b  f-itif 
dt  1  2 

the  value  y  ftt  t  =  2h  will  be  *  hy}  »  -  b'  «  yQtl  *  h) 

Cent  nulng  in  thin  process  It  Is  seen  that  yft,  the  vidua  for  t  nh„  1« 

y  (1  +  h)n  By  use  of  this  formula  we  can  nee  where  thp  approximate 

solution  ie  after  any  number  of  steps  Bet  uo  Introduce  tho  variable  t 

by  w-ltlng  n  «  £■•  Using  this  we  find  that  y(b)  «  yQ  |_U  +  h)Ej  Vt 

can  ice  from  this  how  the  approximate  solution  tries  to  ho  yQe  We  r  ould 

remember  from  elementary  calculus  that  the  agression  (I  +  h)fc  appro*  -hos 
e  as  a  limit  as  h  approaches  0  "hue  as  our  steps  are  taken  shorter  ad 
shorter  the  approximate  solution  becomes  more  and  more  like  the  true 
solution o  An  important  fact  to  notice  about  this  approximate  oolutlor  is  , 
that  the  ratio  of  the  approximate  solution  to  the  true  solution  is  equ d 
r*  1  ]  t 

which  in  an  exponential  function  . of  tics  *  This  will  he 

L  e  J 

true  It  turns  outf  for  any  numerical  solution  of  this  type  of  a  IWwa 
differential  equation  with  constant  co«fficlenttu 

The  process  Just  described  is  very  crude  It  can  ue  improve .  to 

some  extent  by  elaborating  the  process,  i’or  example!  instead  of  maki  .g  a 

.  dy  . 

straight  line  extrapolation  of  the  solution  au  J e  done  .y  assuming  ^  o 

be  constant,  we  might  make  a  parabolic  extension  of  the  solution  by  pa  el '• 
a  parabola  through  the  last  two  computed  points  of  the  solution  with  t  e 
prop -r  slope  at  the.  last  computed  point*  Wo  night  pd.se  improve  the  me  hod 
by  a  numerical  integration  of  the  extrapolated  solution*  If  the  diffe 

.( n  +  l)h 


entinl  equation  is  written  in  the  form  y^  ^  l 


y  \  y  dt 

■'n+i 


where  tho 


stra  ght  line  or  parabolic  extrapolation  of  y  is  used  as  tie  in  ©grand 
the  value  of  y  ,  obtained  is  an  improved  approximation ..  An  explanation 

of  the  reason  for  using  such  a  simple  process  might  he  in  order.-  It  1  j 
true  that  more  complicated  numerical  processes  will  give  more  accurate* 
appr  jxlmations *  However,  the  philosophy  adopted  for  numerical  solution 
has  »een  that  the  machine  is  best  suited  to  simple  procosses  repeated 
rapidly  many  times  rather  than  complicated  processes  repeated  n  lesser 
number  of  times.  This  utilizes  the  extremely  high  speed  of  the  machlna 

to  b*iot  advantage* 


brv.,,1- _ _ _ .Munmittii 
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Let;  ua  now  consider  t,h«  numerical  solution,  of  y  "  0  of 

at* 

which  the  tnie  solution  If.  y  -  gin  t.  In  order  to  discuss  the  wmvhit  1 
solution  of  t;hlo  equation,  it  la  necessary  to  dlacuas  dumped  osoillatimn 
and.  to  Introduce  the  concept  of  a  damping  ratio „  A  damped  oscillation 
ia  the  solution  of"  a  differential  equation  of  the  form  • 


*-?  + 


2t  fjj  +  y  *  0  . 


t  le  called  the  damping  ratio.,  .If  t  in  aero ,  the  solution  is  undamped 
If  £  is  between  tero  and  1,  the  solution  ia  underdampodc  If  £  is  equal 
to  Ip  the  solution  is  critically  damped,  and  If  £  is  greater  than  I0  tbs 
solution  is  over  damped.,  Also  if  £  is  negative,  the  solution  is  nega-- 
lively  damped,  which  means  the  amplitude  increases  with  time*  If  (;  in 
"between  aero  and  “It  the  solution  is  an  oscillation  with  exponentially 
increasing  amplitude »  For  those  of  you  who  aro  more  familiar  with  time 
constants  than  with  damping  ratios  the  damping  ratio  is  equal  to  the 
reciprocal  of  the'  time  constant  in  thin  case,  where  the  undamped  natural 
frequency 'in  unity «  Note  that,  for  negative  damping  the  time  constant  i  3 
the  time  for  the  amplitude  to  grow  to  e  times  it n  original  value, 

.2 

1.1  _  n -  x,_  _  . x  *  it y  . .  .  _  x'  -  .  .  —  x..  ...  _ lx  


To  solve  the  aquation 


•t-  y  ~  Q  wo  form  two  simultaneous 


first  order  differential  equations s 


d y  .  d  1 

n.r&J  ~  -»r  IQ  mi 

dt.  df; 


Tbs  principal 


method  used  in  solving  these  equations  has  been  that  of  linear  extra- 
Isolation  and  integration,-.  The  results  of  this  process  will  be  shown  lc 
some  of  the  following  illustrations-’  The  method  of  solution  ia  briefly 
the  following..  We  write  the  two  equations  in  the  form 

/(n  l)h 


"»  J  * 

y  nn 


v  t  ,  -•  v 
r.  +  1  n 


(n  *  l)h 


nh 


Thus  to  extend  y  the  extrapolation  of  v  is  Integra. ad  numerically,,  whil  j 
to  extend  v  the  extrapolation  of  y  ia  integrated  mnerically»  The  result  a 
of  this  process  for  values  of  h  equal  to  1/8  and  l/\0  of  the  period  of 
the  undamped  vibration  aro  shown  in  the  first  Ulus'. ration,  B-381?i-Go 
Notice  that  the  approximate  solutions  exhibit  a  negative  damping  charac 
ter i Stic*  The  solution  having  ton  points  per  period  is  the  better  of  1 1a 


V 
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two  bi- cause  of  Its  ahorse?  step  .length-,  The  "Am  cone  taut  8  of  the  >.o 
solutions  are  1?  second's  for  she  solution  .having  6  points  pov  pel  In 
and.  33  seconds  for  the  solution  having  10  points  per  period-,  Since  the 
total  range  of  graph  shuvn  Is  about  32  seconds*  it  can  ho  seen Jbovr  theen 
time  constants  actually  are  exhibited*  -Xn  illusfcrat.  on  A-»30365  tne 
numsr Leal  solutions  are  shown  for  somo  other  step  lengths*  Notice  ^Iiat 
for  the  linear  extrapolation  and  Integration  the  apparent  dating  rntioi 
are  all  negative*  The  aethod  always  brings  an  exponentially  increasing 
truncation  error*  Wo  might  remark  on  tho  worst  case,  that  of  2  points 
per  period,-  which  shows  a  damping  ratio  of  “.,515*  This  permits  US  t-uas 
constant  periods  in  tho  first  5  periods  of  the  true  solution,  Thus  the 
amplitude  increase a  to  i16  times  its  praper  value  in  5  periods-  u  1 
ie  approximately  ten  million,  bo  it  can  be  seen  .last-  how  bad  truncation 

error  can  become* 

l  should  like  to  consider  next  parabolic  extrapolation  and 
Integration  using  3  polite  and  1  slope-  Of  all  the  methods  considered, 
this  gave  by  far  the  heat  re  milts.  Illustration  il-30352  shows  a  para¬ 
bolic  extrapolation*  Illustration  A-303&4  shows  the  application  of  tht« 
parabolic  extrapolation  and  integration  to  the  solution  of  our  differential 
equation.  The  shaded  area  in  the  figure  represents  the  increments  of  Y 
and  v..  Illustration  A-30366  shows  tho  results  of  ’-.sing  more  complicate*: 


x2 

numerical  methods  to  solve  tho  aquation  +  y  "  Ck  The  first  ,U  where  tho 

at 

linear  extrapolation  was  determined  by  the  two  previous  points  of  the 
solution  rathe:?  than  by  one  point  and  tho  prescribe!  slops.,  TJib  second  is 
the  result  of  a  combination  of  parabolic  extrapolation  by  linear  integration 
The  third  la  tho  boot  result  obtained  using  parabolic  extrapolation  and 
integration.  In  each  case  there  were  twenty  steps  per  period  taken*. 

Notice  that  the  principal  term  of  tho  approximation  is  the  first  in  sad 
case.,  The  second  term  is  always  rapidly  damped  out.-  In  each  oasis-  tho 
first  term  is  very  cion-)  to  sin  t,.  the  frequency  being  approximately  1  sad 
the  coefficient  in  the  exponent  being  very  email. 

We  also  attempted  the  numerical  solution  1\  tho  cane  of  an 
equation  with 'a  positive- damping  ratio,  In  tho  uudatped  case  we  found ^ 
that,  if  the  number  of  points  per  period  was  2  or  3B  tlw  n>, 'Clerical  eolu,,i  >n 
always  exhibited  a  negn'vive  damping  characteristic o  We  found,  alno  'that 
even  though  .the  equation  had  a  positive  damping  charanteriutic,,  the 
numerical  solutions  always  exhibited  a  negative  damping  oh.iraoteriatio 
the  number  of  steps  became  loos  than  3  per  period*  TUu  it  shown  la  ^ 
illustration  a-30364  which  shows  apparent  damping  ratio  ft  a  s.  function,  oj. 
points  per  period  for  "nrioua  positive  damping  ratios  In  tie  equation, 
solved.  Notice  that  for  more  than  10  points  per  period  the  . curve e  do 
approximate  their  prop®:. * 'values  quite  closely  but  th&r  .to r  less  than 


The  first  i«  where  tho 
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ft  po ini «  per  period,  all  of  the  curves  become  negative  showing  ux.  t  the 
negative  damping  characteristic  will  always  b«  present.  This  illustration, 
hno  been  drawn  fox  the  case  of  linear  extrapolation  and  integration. 
However,  the  same  characteristic  will  be  present  with  airy  method  of 
extrapolation  and  integration  among  those  which  have  been  described 

Another  idea  which  was  tried  was  the  numerical  solution  of 
an  equation  which  had  two  natural  frequencies,  one  10  times  the  other 
A  step  length  was  chosen  equal  to  1/30  of  the  longer  period  and  equal  to 
1/2  of  the  shorter  period.  Then  the  numerical  method  was  tried  Initial 
conditions  were  chosen  bo  that  the  high  frequency  term  would  ho  coni' 
pletely  suppressed  iri  an  exact  solution  Unfortunately  the  numerical 
solution  did  r.ot  suppress  the  high  frequency  term  and  it  appeared  with 
all  Its  wild  diversions  in  the  numerical  solution*  obliterating  the  lo  i 
frequency  term  quite  completely 

In  conclusion,,  I  should  like  to  make  a  few  remarks  about  the 
other  two  sources  of  error  First,  consider  rounding-off  error 
Rounding-off  error  is  of  importance  with  high-speed  calculating  machines., 
In  a  normal  computation  the  number  of  rounding-off b  le  small c  but  in  a 
numerical  solution  using  n  high-speed  machine  there  will  be  many  thousands 
of  rounding-offs  which  will  Introduce  considerable  rounding- off  error- 
Professor  Bademacher  of  the  University  of  Pennsylvania  has  studier 
rounding~off  error.  His  result  ia  that  rounding-off  error  increases  like 

.-—■I—-—-  aB  £  grow0  email 
Y  h 


With  regard  to  errors  due  to  improper  formulation,  we  see  tho 
necessity  for  existence  proofs  The  fact  that  &,  physical  problem  has  a 
solution  does  not  justify  the  conclusion  that  the  idealized  problem  has  a 
solution,  A  differential  equation  may  not  represent  the  true  physical 
picture  all  the  time.  For  examples  suppose  in  formulating  a  problem  .ve 

wrote  the  differential  equation  »  1  +  y2  and  we  desired  the  solutioi 

of  this  equation  from  t  «  G  to  t  =  5  We  would  find  that  the  numerical 
method  of  solution  would  diverge.  Experience  with  linear  equations  world 
suggest  that  the  step  length  of  the  process  should  be  shortened  Howe /er, 
with  this  e4uation  no  matter  how  jsuch  the  step  length  is  shortened,,  thr 
divergence  will  persist.  The  reason  for  the  divergence  is  not  within  the 
numerical  method.  The  reason  lies  in  the  differential  equation  itself 
The  solution  of  this  equation  la  y  =  ten  t„  and  this  solution  ia  bound  to 
become  infinite  at  least  once  between  zero  and  5. 
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INTERPOLATION  METHOD  USED: 

EXTRAPOLATION :  LINEAR,  USING  I  POINT  AND  T  SLOPE. 
INTEGRATION:  LINEARyUSUG  I  POINT-AND  I  SLOPE 
INITIAL  CONDITIONS*.  *l ^iO,  *^0*  I 
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POINT:  ONE  SLOPE  EXTRAPOLATION 


NUMERICAL  SOLUTION 
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The  Binary  'iysten  of  K  Zibari. 


Went!  Oration  The  reproae itivt3.cn  of  lecimal  rum her h  it»  tb.®  Mi  ary 
and  the  prooocBe®  3  1!  Maury  er.thntetlc  are  erspl.'-duod. 

0.1  bs.u  >.■ ,;A  f.u 

"eefutatlpu  of  Muir  bar  a  •  The  dacim *1  */•*«:.  takes  its  name  roia  tha 
foot  that  l  tie ‘based  or.  ten.  di^Lte  (Q,  1,  3,  end  all  awbw*  ara  compo»-fd 

of  thane  10  digit*  The  binary  ay  r.tn* .  analogously,,  tekoe  1  t-i  name  from  the 
faot  theit  It  la  based  cm  £  dlgise,  (0,  1  )  and  oil  number  a  la  the  la*ry  ayat^ni 
are  mode  up  of  those  3  digits  The  Aaciwp,  system  has  a  bum?  of  10  tae  Hnac; 
eyeteri  his  a  ba«t  of  2 


Deoimai 
Syntax m 


1::10° 
3xL0° 
3x10° 
4x10° 
6x10° 
6x10 
VxlO° 
8x10° 
9ad0 
+  0x10° 
+  1x10° 
+  2x10° 
+  3*10° 
4  4x10° 


ixio:  *  oxio° 
1x10?  +  1x10° 
3od0:  +  2x10® 
ixio;  +  3*10' 
1x107'  +  4x10° 
Ixl.C,  ■*  5x10 
1x10.  +  6x10°: 
1x107  •'*  7*10° 
2x10  "u  0x10 


Binary 

Sy.fiJijst 

1 

3.0 

U 

100 

10?. 

13.0 

m 

1000. 

1001 

1010 

1011 

noo 

1101 

mo 

im 

10000 

10001 

10100 


MilttkfflL®!! 


lx-)fc 
1x3* 
1x1’** 
1x3?  +  OxS,a 

1x3 1  •{■  0:dify 

ixs,  *  Ox;;3 

iaaf  +  0x3* 

1x2,  *  1x8* 

lx:?,  *t  1x3* 

1x3,  *!’  1x3* 

1x3,  **•  1x3* 

1x2*  0x2,  *s-  Oxi'r 

lx?:  +  0x22  ■*-  Ota* 

1x2"°  **•  0x2 ’5  *t-  Ixlr1 


+  1x3® 
+  OxiJ* 

-*r  ChC.38 


0 

1x2 

0x2° 

1x2° 

0  x2° 

lx/ 

0x3° 

1x2 

OxZ 

1x3° 

0x2° 

lx®*1’ 

0x8° 

1x2° 

Oxf 

1x2 

Cx?° 

1*3° 

0x2° 


OooiKieX  munaera  nines*  they  have  a  base  of  10 v  m.  y  be  broken. 


u ■;/  into  powers  of  10 


5  ,g  305  798  a  3x10®  *  0x10*'  +  5x10°  '+  7x3.0”*’  +  8x10  *  +  8x10  3 


In  the  Bine  wey,  binary  Humbert  rinee  the/  hare  a  base  of  8,  Kay  b.  broken  up 
Into  pawsrs  of  3- 


g.  101,011  »  lx3a  4  OxSr‘  t  Is?0  -  1x2 1  +  1x3"®  +  IxEr3 


- 4~~ 


6 «'  45 

tiepu  n.  90 


It  ctu  be  t.een  from  thin  arrangement  of  tre  pr-wer  .  of  the  banes,  w 
deelw*5.  plocai  (unit  a,  bene,  hundreds.  tenth* .  hundredths  V-ouwolt  *e .  ate 
have  a  definite  relation  to  the  powers  of  the  baa'!  10  in  '-ho  doc  .me.  system 
They  are  numbered  off  consecutively  from  left  to  right,  f-cm  -*  m  to  >  cc  , 
tlaae  numb or a  corresponding  exactly  with  the  power*  of  tha  b  iso  10;  tha  deoi  u«l 
point  i»  placed  betueea  the  unit*  (0)  place  and  the  tenth*  (  X)  piece - 

Th*  binary  place*  (unite,,  tvoe,  fours,  wight e„  sixteen*,  halve*,, 
f cur toe „  eighths,  etc  )  are  also  numbered  exactly  according  to  the  powers  ot 
tha  base  2  the  binary  poiot  is  placed  between  the  unite  ,0)  place  and  the 
helve e  (-1>  place,  therefore,  the  place  and  point  arrangement  is  the  same  U 
both  decimal  and  binary  systems- 


e  g 


Pociael  Place  and 
— JlHic:/  Place  No 


v  ,  **  . 

_ _ _ 

305  798 
101  011 


+  » 


3,  1,  Or,  *1  .  '  d,  -  V*t 

3  0  5,  7  9  S 

1  0  1,  0  1  1 


■oo 


Convereion  of  Deoiwal  Humfrs.ru  _SaJ2LnuaLJtoB!um  in  order  to  convert  a 

number  from  tha  decimal  system  to  tha  binary  syatisn,  the  juabsr^jmsat  b© 
o hanged  from  powers  of  10  to  powers  of  3;  therefore*  powers  ol  3  are  taken  oiu 
of  the  decimal  number  Follow  the  work  sheet  at  the  end  of  the  three  examples.. 
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To  Find,  Binary  Kqulvalont 

Method*  Take  out  of  the  decimal  number.  13„  the  highest 

’  4 

power  of  3,  ®  16,-.*  2  A  1  la  new  placed  in  binary 
place  No.  4„  corresponding  to  the  power  of  3  found, 
Subtracting  16  from  X8t.  leave*  2*.  Tim  highest  power 
of- 3  in  2  is  3"'  **  2;  therefore  put  c  1  in  binary 
placo  No  1,  Subtracting  3  from  3  leaven  0,  so  the 
■  conversion  Is  completed,.  Sinon  4  and  1  ware  the 
only  power k  of  3  in  the  given  number,.  I1*  appear 
only  in  binary  plaoa?  4  and  1  The  coefficients  of 
the  non- appearing  powers  must  nova  beau  aero,,  so  scree 
are  entered  under  all  tho  other  binary  place  Atanbex* 


*  ■ 


!k*>. 
Hr  pe  a* 


t 


Gin  71*0 

To  Hr  dr  Bin  nr’.  a  nival  «r.o 

9  _.t 

Method  The  highest  power?  of  3  a  ?3C  1  is  2  **  3-  M 
720  --  513  -  318 

.  7 

The  hi  ghost  power  of  2  hu  318  1  a  2  *  '-'’3 

318  *-  138  «  90 

The  highest  power  of  2  a  90  it*  3  ** 

90  "■•  6'*  «  25 

*5-  ,  it 

The  highest  power  of  2  :.n  36  its  2  **  *6* 

36  «-  16  *  10 

3 

The  highest  power  of  2  .a  10  is  3  »  0  * 

1,0  8  »  3 

X  .,  ,, 

The  highest  power  of  3  \n  2  if.  3  *  *■ 

Jo  other  powers  of  3  appoj.r  w  their  coefficient a  must  Bo  v>to 


iv  !  ;'09t»  in  he.  '■'* 

«  »  «  «  iv .  ?■ 


*■  II  .1  II  ;f0  & 

u  ii  it  ]^y  4 

ll  It  II  15  Vt,  'J 

'"  “  "  C1  No  1 


/ 


JfrBBa&SJi 

G dvea»  10  626 

To  nod-  Binary  Js^ut  valent 

Method.  The  highest  power  of  < 

10,625  -  8  «  3,623 

The  highest  power  of 
3  636  -■  2  11  625 

The  highest  power  of  i 

,.,636  -  5  «*  .135 

The  highest  power  of  h 
125  -  13B  «  0, 

which  indicate*  oonplstlon.  of  cimve  colon- 
ho  their  cooffioleuat*  are  ie.rc> 


in 

10 

626 

i.  a 

3  « 

0  ®0 

51  3. 

go  0» 

Ui 

Ho 

"l  .it 

in 

2 

625 

is 

3  '  « 

3,  n 

t"  t? 

it* 

Wo 

) 

in 

Set 

is 

2~\i 

.6, 5! 

t*  it 

u 

Ho 

(-  1  } 

in 

■  ).25 

i# 

3 

125  „ 

It  fl 

rt 

ft- 

tic 

{■'?,) 

No  other  powers  of  2  appear  in  10  625,, 


t 


‘■>346 
lUsyi  :.’t 


4G£"u{ 


: ,n«i  .VI ass  Ho 

*“r»w 

Vo 

l.Q . 

Cf 

.JLJL. 

jl 

ft. 

JL. 

.JL 

.2.,. 

\  . 

. 

JL. 

4 

-r/d 

r 

;.&} 

C- 

0 

0  0 

0 

0 

1 

0 

0 

1 

0.  0  (■ 

0 

0 

0 

1, 

of 

0 

1 

0  1 

X 

0 

1 

1 

0 

L 

0  .!  < 

0 

0 

0 

0 

.35 

i  Q 

0 

0  0 

0 

0 

0 

I 

0 

i 

0  0 

i 

0 

0 

Of 

„ .  *) 

Given  147 

To  Find  Binary  Equivalent. 

Method*  Folio »  the  table  given  below 

y 

The  highest  rx>' or  of  3  In  ,142  le  2  v  »  ■  12ii  ao  e.  1  goea  In  No  •  > 

X47  - '  12-6  «  022 

Tho  next  power  of  2  la  or  dor,  i»  3  «*  06., ’6,  tut  this  power  of  3 

ic  not  contained  in  038,.  eo  coefficient  of  the  t  4)  pi  coo  «  0 

2  ^  sa  031-35*  not  la  023  no  0  la  Tin  (  -  6} 

3  ^  «  0156-35,,  ?. ti  lu  022,,  jic  X  In  Ho-  (-  6’ 

{ ,033  015625  s:  ,  006.7? 5) 

2'7  «  0076135  not  In.  QOS, ’575  ro  0  in  Uu  (  7) 

3  8  *  00390626*  in  0063/5  to  l  in  Ho  (  B‘ 

(  .006375  ,00390635  ™  ,00246675) 

3  9  «  001933126,  la  00246675  sc  l  la  Bo 
(  00346875  001963135  *  , 000515635 ) 

a40**  -0009766635:,  not  In  000516636  m  0  in  Ho  (  10). 

a  U«  .  00043820135  In  00516636  c©  1  in  Bo  (  11 ) 

(  000815636  --  00048838136  »  00002734376) 

a  L*«  000344140685 „  not  la  00003734376,.  no  0  la  Bo  (  IS)  etc 


6345 

honor t  §0 


that  Method  of  .ooftrarti**  &  ***«*  to  tho  *  "f*  J**?? 

. ,,,  *  *  )  „  ‘tpho^oua  &iui  offers  rasevy  chances  fox*  £>»•-  ■'"  u' ,<v , 

SSXrU  oV sunb  lone  «.tar'  9m,  1..  »><*»»  *»£"* 

«th»  *H.ci»X.  oi  t.0«ne  out  *.««  .f  8.  «  ; 
aiwo1  v?  Given  a  decimal;  by  the  former  method,.  I*  At  -u  Im,®!  M  - 
"  a  ln  aju,  i  place;  If  the  xmafcer  (or  the  remainder  ju«sr  subtAahtxo 

of'  gH»  greater  than  or  equal  to  ..35  <«-3-8),  &  1-  0“®*  **»  p 

Ho^,,  it  u  the  same  thing  to  say,  if  twice  the  gl^w  0-oelmitf.  is  x*e&*t  ^  «-'• 
S  x  3~XU).  a  1  is  JMt  in  the  -1  place;  if  4  time®  tho  given  decimal  1* 
thtt  4  x  3-au  x),.  ft  X  1»  put  la  the  -2  p!  «*«.  If  8  tl»es  the  given  doolnaX  # 

larger  than  8  *  a-*.  l),al  is  put  1,  the  -8  plow-  ^  «■ 

floubHac  the  wnbor  (or  It®  remainder  after  ft  power  of  3  U  ta«®  out)  ^  /f' 
•t«p  and  comparing  it  with  I..  If  the  result  become©  greater  than.  lr  »  1  *•  . 

%eZn  out  -mi  tho  doubling  procenB  start®  ego 1»  »»  remailer. 


Given* 


f0  finds  Binary  JiiquivaLaat 

Methods  She  former  method,  started  out  by  fv-i.hi.ag.! 

,147  a**  ,5?  (If'  so „  -a  1  goo »  la  »o  -X;,  if  a  0  ln 


lc  ,36?  C1'1  *  15  ’’  “  "  a° 

i«  ,147  22.  .125'f  (•  11  11  "  11  ^ 


n  n  (5  <i  «  ii 
i 


ft  H  N  <!  It  I.1 


fbie  method  starts  out  by  asking': 

it  a(,147)  *2:  l’f  (If  bo  a  X  gee#  in  So,  l;;  If  act,  a  0.  goes  in 

1.  3*(  ,W7»'i  *  «  *  “  "  *  "  ”  *  ’  *  °  " 

is  3x3a3(.147)2-il?  (  19  8  tt  "  “  "  *  ^  U’  m%*  “  ° 


3(  147)  »  >394  4“  X,  therefore..  0  in  *>•  ~l 

2  23(,m7)  *  »6S8  3^1,  ;;  «P*  “* 

a  x  S  x  3(  ,147)  -  X  .176  2-  1,  “  ■  Bo 


(1176  -  1,000  m  >176) 

S(  x?6)  **  ,353  4’>  X ,  therefore* .,  0  in  So,  -4 

-  .V04  <5=.1,  •  “*  *>■  -* 

3  X  3  <  8<-m)  «  J.  .408  s*l.  “  A1'  tte  *6 

u  ,400  -  l  ,000  13  ,408) 


3 


v  *  ' X  ■. ': 

.'.BpfU"'  v 


n(  ,!,;t)‘'})  « 

l!  400 )  a 


632.)  « 

U  264  1  000 

3 (.364)  » 

3x3  ( •  364 )  * 


2(  056) 


016  '  _  "t,  t?».f  rs£c.t  ■  .>  ifl  I  t 

63?  .  .  •*  4  Ik, 


(1  633  1,000  =»  'iJtm 


364  '.I ,,  therefor  a,  1  in  hr 


*  il64k 


538  Ltl  therefore,  0  in.  >c. 
056  -^1  11  '  X  in  ?  c 


(1  056  1  000  •-  006' 


113  1,  therefore  0  la  ft 


Thin  result,  checks  vlth  the  previous  one  .  It  ckc  al.no  in  shove  that 
if  ij  dee  trial  x*«poat«  Itself  in  the  deoimal  eyataai,  -t  id  sc  repents  itself  in 
the  binary  cyetwa 


SoftYsrsloa  of  Bl tifijry  Mjanftffs  ,tfl  th»  baetmfll- ir  System  Given  i  numbm  in 

the  binary  system.,  it  is  nlvayt  a  simple  matter  to  convert  it  to  t  ie  decie.nl 
system ..  The  converted  number  ie  simply  the  sub  of  the  pov«!  if  of  2  vhose 
presence  in  the  given  number  is  indicated  by  1" a  i:t  the  ccrrespoud  ng  'binary 
”lncea. 


Binary 

£lafft_-_LJi — &-.*• — 3 _ jLJfi.  1 _ 

10  110  1  0  .1 


l  Decimal 

:SL-jjJ.fid,A|3a:w8»lT„ _ _ _  _ _ _  ........ 

0  l  lx?*  +  1x2**  4  Is**  *6  1  t2°  4  1.J  g  ?' 


32  +  S  4  4 


1  +  25 


46  3135 


The  coefficient ii  of  the  other  posers  of  ;?  are  an.ro,  so  they  do  not  con 
tribute  to  the  converted  number, 


MdJJ&qp  «  Since  1  is  the  largest  digit  in  the  binary  system 
that  any  sum  lsxgor  than  1  must  b«  represented  with  the  aid  of  car 
Therefore „  no  matter  how  many  l"*  are  added  up  in  one  column,,  the 
that  column  met  be  a  0  or  a  1;  the  rest  of  the  ami  is  carried  ova 
notation  and  sot  up  at  the  head  of  the  adjacent  column «  to  tbe  Inf 
figures,.  Thus,  if  a  sun  cf  l4  a  la  a  column  adds  up  to  6  (Voioh  1. is 
binary  notation)  a  0  ia  pu.t  at  the  bottom  of  tho  ooluan  nod  the  tvi 
nl  the  head  of  adjacent  column*  to  the  left  as  carryover*.  Ihie  i ■ , 
adding  the  1"#  in  binary  fashion  «t  each  step  of  tho  colusnar  ,ddi 


it  is  avid ant 
yovers 
t-*sult  under 
In  its  binary 
as  carryover 
110  in  the 
1"  *  are  pit;, 

.  the  sene  juj 
ion- 


(1  4  1  *  10.  10  4  1  *•  11}  11  •+  1  sre  3,00  ICO  *  1  J«  101;  .101  ••  1  .-a  y.  Q  m  6) 


6346 
U'spo  '  ? 


1  >  I 

10  1 1 

;u  a 

-i.:i  i  i 

i  no) . 

m,  t 

>, 

_  s 

.,) 

-.01  ..6 

uqjj: 

LO  3 

n  :i 

1.00  4 

UiO  1U 

moui  ( 

(The  isma)  1  number*  above  the  examples  are  curry- ©war  figure a  pi.fc  tc  for  *».c«*  i* 
foil. >vi cy  the  addition  procedure  1 


#0 

or,  more 

0 

m 

'? 

111 

7 

u:. 

7 

m 

7 

Addend* 

on 

3 

no 

6 

Qkl 

3 

m. 

6 

101 

5 

on 

3 

1010 

30 

1101 

13 

001 

1 

in 

7 

1P1 

„  6 

..  Oil 

.3 

3.00 

4- 

010 

2 

im 

16 

10000 

16 

1U 

f«M| 

f 

J,QO 

jft 

po: 

_1, 

„  jp. 

7 

non 

b 

11103. 

.99 

loock) 

it: 

16;.  U 

as 

4 

...  mo 

r: 

10100 

<0 

11001 

36 

IVi 

d 

..  m 

non. 

**i»7 

A  i 

moi 

39 

Sum 

Subtraction  «  Subtraction  la  baaed  ok  tho  following  n-'loa 


A  0  from  1,  always  gives  A,,  nud  a  1  fro®  0  always  given  1  but  tho  latter  r« 
quire*  "borrowing*  fro  a  the  first  column  to  the  left  A  1  iu  the  firnt  do. 1  aim 
to  the  left  is  reduced  to  0  by  borrowing,,  a  Q  in  the  first  column  to  the  left 


educed  to 

1* 

causing  tbs  digit 

in  the 

accord 

colnmr 

t  ov;ir  to 

be  reduced,  etc 

0 

0  0 

0 

0  1 0  c? 

10 

n 

100  4  10-00 

a 

mo 

14 

100X010 

74  Klaumui 

J l 

■1 

„  i  .a 

.a 

.  ,,~i 

■l 

ca;t;ym. 

$1  .Subtrahend 

1 

1 

C.U  3  0111 

? 

1101 

13 

00013.01 

13  fteomindsr 

Thu  small  number*  show  how  the  digits  arc  changed  by  borrow) ng  See  also 
3ufe&:eA&M  und»r  "Coaspleiaent*" 


Multiplication  -  Multiplication  in  the  blrjuy  system  '  tx  do  no  exactly  as  In 
tho  iooiunl  syotsn  ar.d  its  based  on  the  iculbipli  cation  table  )  at  1  *  0,  1  x  1  «  1 
0x0®  0 


101011 

or  101011 

43  «  3®  4  2^  4  J?;  +  £ 

.46  2D  +  3°  4-  •/  +  2J 

Multiplicand 

1514M 

ion  ip 

Multiplutr 

000000 

3.010110 

353 

101011 

loioin. 

173, 

101011 

looooobio 

1.170 

Product; 

101011 

000000 

101  01-_ 

1001011010 
mom. _ 

irt  Q  m  7 

l'*78  3,  g*°  +  /  s-  -■  3 

K  tA  'Z 

S'  ,?r  +  2  +  a 

i  inbii  lbio 

111X0111 QIC 

It  iihoulci  ba  not-id  that  in  order  to  get  t.tw  dtcir  a).  ■jqm.vO.en-:.;  of  the 
binary  quotient  to  equal  the  decimal  quotient  to  5  decimal  pi  ton*  jhe  blurry 
diviudon  had  to  be  earned  to  16  binary  pl&cee 

The  ordinary  aoapleaent  of  a  munbar  in  the  d-jciail  eyoUw  it, 
obtained  by  eiibtraotiug  tbi  number  from  the  next  higher  pcver  of  10  &  g 

Complement  18  m  300  *-  18  *  83«  The  ordinary  complement  of  »  nnwbor  to  the  binn:  v 
W tm  i*  obtained  by  dubtractjng  the  number  from  the  next  higher  powei  of  3 
•  « •  Coeplmnnt  of  8  ■  5*  8-,  !i«3  It  can  be  ebcvo  that  t  to  ordinary 

complement  of  a  power  of  2  in  that  power  oi  3  iteolf  Sec  Escmplw  .i 

Mother  kind  of  complement  of.  a  suaber  ie  obtained  by  »ub  ratting'  the 
number  from  jscjr  higher  power  of  8-  Notice  .Ite  need  under  "Ssspleiaente* 
(jLJ&t&rattfiii)  ■ 

(:0  (3)  (j) 

Given  ■  300101,  3.01010,  100000 

1  o  fi  nd  <  Ax  nary  •  G  c-apl  acten  t  * 

Method.  Subtract  from  next  higher  ’jowen  of  3 


* 


|  •  -  p  •  ■  -v  -  •  ■  |  i - v : ;r * 


So  45 

lnaor-':  90 


(i)  IOOCOOO  64 

(3) 

1.000000  64 

siasm  cJi?. 

dM&SftG.  rJ& 

con  on  s? 

00.10110  ts 

Another  method  for 

finding 

the  ordinary 

Ml  XQOCCOO  64 

;  ,100&.Q0.  C'M. 

01O0C.0O  38 


in  i, fc.o  binary  system  la  to 


(1) 

100101, 


(2) 

103.010 


U) 

100000 


Given ; 

To  Find-.  Bio  ary  Complement  a 

Kotbod  Interchange  0  !s  staci  M‘  s  mb  sdd  I 


(1)  Ho  ,  3.00101  aimbor 

011010  interchange  Ob  ijnd  3. "a 
..._.!  add  3. 

0110X1  oonploweat 


Ho,  3.01010 
03.0X01 

1 

VS  “ 

03.0110 


(3)  Ho,  XQOOOO 

omii 

1 

3.00000 


'Phase  results  chock  with  tbaso  above , 

U) 

Insteed,  of  subtracting  on®  number  from  pnothor  It  ie  possible  to 
take  a  complement  of  thi  ou.M.r  ahead  and  M4  that  compl*a»nt  to  the  minuend t) 
provided  the.  power  of  3  which  was  added  to  the  subtrahend  in  wbmv  uo  «ew 
a  complement  is  subtracted  from  the  answer,  Prectlcaliy t  subtracting  the 
added  power  of  £  means  dropping  the  1  in  the  last  binary  place  on  the  U  t„ 
jf  tho  power  of  3  used  In  getting  the  ooaplement  la  greater  than  that  contained 
in  either  number.  If  not,  then  the  power  of  2  must  be  subtracted  otu  by  vUs 
usual  subtraction  method, 


SMf 

Report  90 


10 


1001001  -t-  100000 


1011100  -  1003.1  w  1001001 

ijubfer  ahard 

jO.OlllOO  +  /  (100000  -  10011)  -  1’. 01001  '«  1001001  +  100000  ) 

|  B  cowplemenb  of  sub  brahend  ,  ^ 

j-XOXUOO  +  (10000000  ~  10011)  *  11001001  «  100X001  10000000  J 

^XOlllOO  •!-  (10000000000  -  IQOll )  w-  1000100100!.  «  *1001001  *  10000000000 ; 
( 


10000000 


Rawlpr..  SuMractiga 
1011100 

r;  IQQ11  Humber 
ioOlOOl  /mower 


S^htrantlcm  bv 

loiiioo  lomoo  1013100 

-illOk  Complement  l&UQL  iSS 

1101003.  Our.,  3.1001001  1000100X001 

-lOOOQO  100QQ.QQ0  3fiS9Qfififi99S 

3.001001  Answer  01001001  •  00001003.001 

Kotlce  that  in  the  two  example a  on  the  right,  dropping  the  last  l  on 
left  la  the  sum  given  the  same  result  m  subtracting  out  the  power  of  3  added  r^o 
get  a  complement,,  because  the  power  of  3  added  wae  greater  than  that  contained  xa 

oithor  number,. 


Bat  oing.  Humbpr«L 

m104  - 

?3,5 

loSlOZ 

,  «3.,5 

loSlQ  " 

lc‘eiO  1  u 

Logarithms  bo 

the  Bas».,3. 

iOgg  1  * 

0 

log.,  2  " 

1 

<r> 

logs  4  * 

8 

log10rr  3 


Binary  number  a  probably  ■would  liar© 
to  be  converted  to  the  dooisnal 
system  for  intelligibility  i»  working 
with  their  non-integral  powers. 


logg  8 

logo '  1‘3 


iog0  sa  * 

'  <£> 


b  otc 


5  3  <16 

ElflOOrt  .50 


root  1 

'{.ii,  the  binury  syetom',  •  there  v.b  another  way 

jPolio'i.  the  exasrple  outlined  bad  ov- 

0*  taking.  w 

•:;  :o'h 

1) 

The  railcard  is  off  in  pair?}  to 

and  :.'i ght  of  the  binary  point 

3.©  ft 

2) 

Tv;  .00  the  root  30  frar  obtained,  with  a 
unde..*  tho  right  hand  digit  of  the  firs' 

1  placed 
;  ion-  Bare 

pair  lu  the  radices*!,  Oh-.  l)  i»  nubtrac  ^ «cl  from 
tho  first  nadr  of  digits  where  both  digit®  f 
* 

3)  If  the  remainder  in  a  )■  is  place*1,  la  the  root 

place  above  the  pair  If  the  renal ride:-’  ia  -d'O,  a 
0  1b  placed  in  the  root,,  the  previous  ilv,  l  in 
removed)  and  fch.o  next  pair  of  digits  i. t>  brought  lewis, 
from  the  Tadic  and...  Am  before.  twice  that-  total  root 
with  a  1  tu  the  lact  place  on  the  right.,  (Sr„  l),  If; 
eubtraoted  from  tho  previous  remainder  with  digit© 
brought  down  In  other  words ,,  sir,  X  in  vu.bt*r&o 6 sd 
at  each  stop  is.  thie  rooting  process  where  S',  if)  the 
tot  ©3.  root  ao  far  found 


G-lvon-  b'llOOI 

•So  Sind?.  The  oquavo  root  by  the  second  not  hod 

Method-  (1)  vTlfh:01 J  (X)  The  digit  •  in  the  radio  and  are 

marked  off  In  pairs  to  the  left 
and.  right  of  the  binary  point, 

(2)  (3r,l)  JLsj  subtracted  from  the 
firet  pair  of  (non*soro)  digits. 
{2r„l)  ®  0,.  1  (The  root  bo  for 
do  sei'o  becaute  no  root  ha©  been 
found  an  yots } 

(3)  Th®  reaairx&ar  is  sero,  30  a  1 
goes  in  the  corresponding  root 
plane  above  fcfc®  first  "pair'*., 

The  next  2  digits  aro  brought 
down.  2:.\  l  is;  subtracted  from 
the  reminder  with  digits  brought 
down, 

2r„  X  «  3(1).  X  «  10.  1 
The  remainder  this  time  is  negative 
therefore,,  a  sero  goes  in  the 
second  root  place  and  the  previous 
<5r«  X  lit  r amoved , 


iunewjnu. 

(3)  *  11001 
0 
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(3)  vTfedi 
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Hope  ci  SO 


MIS's  aasi 
ifebruary  18 


:i  o  i 

tfTOU]! 

C/* )  4ho  noxt  3  i..l  'its  as'  hi  ought 

A„. 

dovJ/'  .  3r ,.  3.,  is;  gwttrn-oed 

01003. 

ii’oir.  tha  riaw/iinder  vith  dig?  iut 

.1091 

brought  down 

0000 

2r  ,  1  «  3(10^1  =■  .loo.  1 

'l'hlti  rom&lJKli  r  1b  tero,  no  &  X 
gpi3ts  in  tho  third  root  placet,. 

'Jffco  remai  nder  ■  in  caro  ml  thoa  o 
ar-a  no  isoro  pair  a  o:\  digit®  fcc-  bo 
"brought  down  no  the  Tooling 
process  Isa  iijiapJ.eto 
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l?aU  of  Report*  i'eb.-u&ry  17,  194?  Pfig*  1  of  G  pfeg8s 

Subjects  electronic  Digital  Computer  Development  at  M  1.T . 

fieierences  The  i allowing  text  was  presented  es  a  conference 

pap<u-  before  the  American.  Institute  of  Electrical 
Kng'.neorc  at.  their  Winter  Kaetlng,-  Thursday, 

January  30,  194?  In  New  font  City. 

Vyitten  by  Jay  Vf.  h’orreater 


Since  the  time  that  Ur,  Vannever  Rush  designed  the 
lirst  differential  analyser  at  the  Massachusetts  institute  of  Technology, 
research  there  Las  boon  active  on  computing  aide  to  the  engineer  and 
scientist.  The  present  development  of  a  high- spaed  electronic  digital 
computer  results  naturally  from  the  pre~v«ir  research  of  tha  Electrical 
Engineering  Department  and  from  the  wartime  development e  at  the  mI,T 
wervomeQhani sms  and  Iydj.nt.lon  laboratorieis.  The  program  at  the  K  I  T, 
bervomechanieme  laboratory  to  develop  a  high -speed  electronic  digital 
computer  is  sponsored  by  the  Special  We  vices  Division  of  tae  Office  of 
Naval  lie  search. 


The  fields  of  pure  and  applied  science  and  engi.n0.4r*- 
ing  today  face  many  problems ,  the  solution  of  which  will  ha  practical 
only  when  new  and  trwmeudously  more  power! ul  automatic  computing  machine s 
ar®  available.  Several  digital  computers  have  already  been  built  &i 
various  laboratories  in  the  Uixlted  Staten.  The  bo  are  already  known  or 
arc  discussed  in  other  papers  nt  this  convention.  Existing  technique e 
must  be  extended  toward  higher  computing  speeds  and  greater  internal 
storage  capacity  to  nolvb  problems  of  ever  increasing  urgency,  Aejo n.gst. 
these  problems  are  subsonic  and  super nohic  airflow  around  highspeed 
aircraft;  calculation**  of  street;  and  vibrational  character! otico  of 
structure e;  and  solution  of  electric  circuits,  servomechanisms  and  auto- 
ma'.ic  control  eystemn.  Outside  of  engineering  arts  Important  applies- 
tione  to  statistical  analysis  as  encountered  by  the  Department  of  Agri¬ 
culture  ,  hub lie  Health ,  and  the  bureau  of  ths  Census. 

Application  of  electronic  digital  computers  will  In 
tiraa  be  made  to  control  of  chemir.nl  plant  processes  and  .to  what  in  often 
called  the  "automat it  factory". 

Before  discussing  technical  highlights  of  the  research 
at  Md/i'c,  lot  na  recall  three  important  characteristics  of  a  compute* 
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of  the  type  being  considered-. 


i'he 

s 


1„  'First,  tho  setup  of  a  new  problem  :la  accompli  shod 
without  physical  change  to  tho  computer.  Shat  la. 
mechanical  settings  or  switches  ars  not  used  to 
describe  the  problem  and  control  the  solution., 
control  .program  for  a  now  problem  in  supplied  as 
data  on  magnetic  tape  or  photographic  film,  Shi 
film  is  then  read  into  the  internal  memory  of  the' 
computer  where  any  order  can  be  obtained  within 
a  matter  of  microseconds  under  automatic  control 
of  the  computer  itself .. 

2,  Second,,  the  computer  carries  out  a  series  of  .arith¬ 
metical  operations  one  at  a  time..  It  is  therefor® 
equivalent,  except  in  spaed  to  a  human  operator 


v/ho  does  one  operation,  at  a  time 
partial  result  In  a  notebook. 


while  writing  each 


3* 


Third,  such  a  computer,  besides  tho  basic  arithme¬ 
tical  operations  of  addition  and  multiplication, 
will  ba  able  to  make  choices,  The  element  of 
alternate  choice  is  a  nearly  .Lndlspenslble  feature.. 
This  choice  permits  tho  computer,  as  often  as 
desired,  to  select  one  of  two  alternate  computing 
sequences  depending  on  the  outcome  of  the  computed 
results  in  the  problem  itself,  A  companion  feature, 
to  making  alternate  choices  i<s  the  ability  to  in¬ 
sert  computed  results  into  tho  controlling  pro- 
gram,  For  example,  choice  of  alternate  computing 
programs  arises  in.  computation,  involving  termina¬ 
tion  of  an  iterative  procedure  after  the  required 
convergence  of  the  numerical  results  has  boon 
achieved,.  A  simpler  and  more  obvious  application 
arises  in  engineering  problems')  involving  the  dis¬ 
continuities  of  back  lasts  and  Coulomb  or  static 
friction. 

Insertion  of  compute*). .results  into  the  control 
program  of  the  computation  is  necessary,  for  example, 
in  interpolation  The  interpolation  process  re¬ 
quires  use  of  computed  results  as  e.  control  code  to 
locate  associated  values  of  ax,  arbitrary  functions 
Selected  value e  of  the  function  are  than  inserted 
into  the  desired  Interpolation  formula. 

These  tfcrta  features  result  in  a  flexibility  not  known 
in  existing  computers* 


o;y>t> 


ilaoort  No  lt—115 


34.  u  ■  ?>.  -;c-  r. 


Let  u,  now  turn  our  utters  loo  to  l  he  re  tear'.  h  nnA  d.- 
vslopmeat  program  at  i  i  T 

For  jvopsr  perspective ,  it,  should  he  etc  ted  that  *-L 
electronic  computer  ccraaroh  which  it  deecribed  it  la  i»e  J ntsriacdls*,.* 
stages  and  that  a  completed  system  does  not  yet  er lot,  in  >act  t n*  , 
i'iold  of  electronic  digital  computer r  hae  only  been  opened  xn  a  prsc  -cel 
h\v  and  noverol  yearr  will  be  required  to  explore  many  of  the  engineering 
applications  to  which  I  will  refer  The  sice  or  rating  of  a  digital 
computer  can  bo  giver,  by  two  values  the  internal  number  storage  capacity, 
and  the  computing  speed.  Storage  capacity  is  a  measure  ci  the  coapu.ei  3 
ability  to  retain  control  program  ant.  partial  numerical  net  >0  -  ^  J  •'lu'e 
HOC,.  It  correspond;.  00  the  notebook  record  kept  \y  the  human  opa.rs.ior 
of  a  dank  calculator-  The  automatic  computer  prlrta  out  final  resul  .a 
onto  paper  or  film  arid  discards  partial  results  nc  longer  needed  oton  g* 
auat  hold  only  the  data,  actually  required  fer  future  compute  Ion 

The  c  nxputer  being  designed  at  K  1  -T  1«  ejected  to  bn  v*s 
a  storage  capacity  of  16,000  numbers  of  40  Unary  digits  each,  Thio  cor 
reoponde  to  16,000  number a  of  12  decimal  places  etch 

Certain  objectives  c;'  the  work  will  require  coiputing 
speeds  which  arc  high  oven  for  electronic  computers,  Multiplication  of 
two  number e  of  13  decimal  places  each  should  require  lose  than  bO  mi-,ro- 
seconds.  This  means  that  on  the  average  nome  20, COO  to  40,000  arithaet  «a. 
operations  can  bo  performed  per -second. 

it  is  obvious  that  such  computing  speeds  are  essential 
only  where  a  long  sequence  of  computations  must  be  repeated  tons  or  dun- 
dreds  of  thousands  of  times*.  Situations  of  this  Lind  arise  n  the  solution 
of  partial  differential  equations  ann.  certain  engineering  applications 
whs,re  the  computer  will  control  mechanical  or  electrical  devices  operating 

in  real  time . 

The  arithmetic  element  of  V-  c.  computer  will  carry  0  it  he 
basic  operations  of  addition  and  multiplication  ard  probably  also  fii /is j»n 
it  will  make  choices  of  program  and  aocomp.  ish  eatstitution  under  a  a 
ready  described.  All  other  operations  such  at;  integration,  airfares  Ur 
tion,  and  talcing  ro.t  a  of  numbers  cn-  be  readily  accomplished  by  Iterative 
or  series  procedures  using  these  basic  arithmetic  operations. 

In  designing  a  computer  a  wide  ci  oice  in  block  dieg 
la  available  6  The  computer  herein  discus  a®  d  will  use  the  binary  ey*  k 
of  numbers  based  on  powers  of  2  rather  than  powers  of  10  _  bines  only  the 
digits  0  and  1  appear,  the  binary  system  lends  it:, elf  well  to  alac-r  * 
circuits  involving  trigger  and  gate  tubes.  UeefuJrssB  0,.  t.m  bane  2  at 
be  appreciated  by  recalling  that  the  multiplication  table  ,.a  reduced  -0 
3  times  1  equals  1  and  all  other  products  equal  z* ro  In  the  compute*, 
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digit  a  of  a  number  v  11  be  transmit  to  i>  simultaneously  over  pen  illel 
bueo a  from  one  part  tf  the  computer  tc  another* 

kin.  I  design  of  an  electronic  computer  for  the  char 
actaristics  aentionec  will  bt  possible,  only  after  the  perfection  of 
many  new  techniques  ' a  video  circuits  and  data  storage  devices  it  is 
anticipated  that  eom<  three  }«ars  still  will  be  required  for  the  re~ 
search,  design,  and  i  onstmet  ion  of  tnis  device. 

Met) ads  are  being  tested  for  generation,  control,  and 
gating  of  video  prist  e  of  0*1  microsecond  duration  at  a  5  megacycle  re¬ 
petition  rata-  lasprr  rements  must  be  made  in  pulse  transformers,  switch¬ 
ing  and  arithmetical  circuits.  To  permit,  step-by-step  manual  control 
of  the  computer  for  i  ilntenarce  purposes  moss  circuits  must  have  d-c 
coupling-  At  the  nai  3  time  the  circuits  must  possess  a  band  width  suit¬ 
able  for  0„1  mlcrc sec  jnd  video  pulses  fulsfjs  appear  in  noncyclic  manner 
and  most  circuits  mut  c  be  independent  of  repetition  rate* 

A  s'  Itable  number  storage  system  is  being  developed. 

It  is  obvious  that  o*  jrnge  oi  500, 000  binary  digits  in  not  practical  with 
individual  vacuum  tut  ss,  A  tulk  storage  method  1b  required.  The  digit 
storage  method  for  tl  s  M,1,T,  computer  will  be  in  electrostatic  form. 

The  digits  0  or  1  wil 1  be  stored  as  positive  and  negative  points  of 
charge  on  a  dielectric  Insulating  plrmc  These  charges  can  be  placed 
on  a  dielectric  surf??*  with  a  cathode  ray  beam-  At  a  later  time,  the 
beam  can  return  to  tie  same  location  ’or  selecting  and  reading  the  stored 
signal  into  an  external  circuit.  One  can  expect  to  store  chargee  approx¬ 
imately  1/8  inch  apai  :  on  a  dielectric  surface  with  a  suitable  tube. 
Storage  of  signals  fc  •  sufficient  periods  of  time  lias  already  been  demon¬ 
strated  and  clear  output  signals  can  be  obtained.  Charge  is  removed  from 
the  dielectric  by  secondary  em  .mien  ms  mentioned  yesterday  morning  in 
the  paper  by  Dr„  l)u  1 ridge.  As  yet,  several  problems  in  the  collection 
and  control  of  these  secondary  electrons  have  not  been  solved* 

Hel?  iblllty  1b  a  matter  of  major  concern  in  computer 
research-  In  many  electronic  and  communication  problems,  static,,  noise, 
or  other  momentary  dJ  sturbancen  can  be  tolerated.  Here,  however,  we 
find  that  the  moment?;  *y  appearance  of  an  extraneous  signal  may  alter  the 
order  of  magnitude  of  a  numerical  value,  'tilde  tolerance  ratios  must  be 
provided  between  signal  and  noiee  level  and  between  transmitter  and  re¬ 
ceiver  signal  specifications-  Checking  circuits  must  be  bu'lt  into  the 
equipment  wherever  po  lalble  to  detect  md  indicate  Improper  operation. 

In  spite  of  the  sever  a  video  band  width  requirements,  vacuum  tubes  must, 
wherever  possible,  be  operated  at  lees  than  rating 

Let  us  now  turn  our  attention  to  applications  of  the 
high  speed  electronic  digital  computer  These  can  be  divided  broadly 
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between  mathematical  jind  control  computations  By  mathematical  computa¬ 
tion  la  meant  the  solution  of  individual  problems  pertaining  to  the 
fluids  of  mathematics,  physics,  and  engineering  and  is  the  application, 
ordinarily  visualized. 

Control  computation  can  be  the  repeated  eolation  of 
the  same  problem  for  directing  the  operation  of  a  physical  system  a® 
far  example  the  control  of  a  chemical  process. 

In  pure  mathematics  higf speed  computers  will  permit 
exploratory  solutions,  on  a  numerical  basis,  of  non-linear  and  partial 
differential  equations.  The  its  specific  re  suits  may  then  lead  U  a 
sufficient  understanding  of  the  original  equation*  to  permit  formulation 
of  explicit  inathemat  veal  solutions  as  has  long  ago  boon  dona  for  the 
.  simpler  linear  equations., 

In  engineering  probleme  the  digital  computer  which  la 
easy  to  set  up  and  has  high  computing  speeds  la  well  adapted  to  solu- 
tion  of  non-linear  and  discontinuous  systems, 

Mr,  Dunstan  in  his  paper  on  "Machine  Computation  of 
Power  Network  Perf ornance"  has  discussed  numerical  solution  of  a-c 
power  systems.. 


Hr,  Nunstan  commented  that  problem  planning  and  setup 
required  a  largo  percentage  cf  the  total  time  conawaed 

With  the  nev  eloctronic  computers,  we  can  anticipate 
the  redaction  of  so tup  time  through  the  use  of  generalized  problem  pro¬ 
grams  each  of  which  would  fit  a  large  class  of  engineering  situations. 
Such  generalized  programs  to  be  i.ept  in  a  library  file  might  be  iraf* 
ficient  from  the  viewpoint  of  a  specific  problem,  However,  the  high¬ 
speed  computer  greatly  reduces  the  emphasis  on  computing  efficiency 
and  shifts  the  emphasis  to  ease  of  setup.  As  specific  examples  one 
could  have  available  programs  for  the  solution  of  an  nth  order  system 
of  algebraic  squat  loro  with  real  or  complex  coefficients,  Solution  cf 
such  a  system  of  equations  would  require  only  entry  of  the  coefficients 
and  the  numerical  value  of  n,  Likewise?  the  mult iplica tion  of  matrices 
could  be  so  programmed  that  only  the  entry  of  numerical  values  and  tho 
dimensions  of  the  matrices  would  be  required 

After  digital  computers  have  been  demonstrated  in  the 
field  of  mathematical  computation  will  come  their  application  to  en 
gineering  control,  following  the  development  of  the  large  and  rather 
complex  unite  which  we  have  d  1  scanned,  there  can  be  lorseon  a  period  o., 
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simplification  and  re-design  for  cost  reduction  which  will  make  the  oom 
putor  practical  for  many  for  an  of  proceeo  control  with  application  so 
rtanufacturlng,  chemical  planin.  and  power  generating  stations., 


Kepi  ,"t  Ha  H-  Llo 

a«*v  m-ciLAJ  l:  ;  .:s  lado.utury 
%iina  "hue®  i-fia  Trust  lute  ol'  Tocluio  logy 
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Subject".  ttleutronic  Digital  'Jomputeri?  Drawings  A--3Q23? 

A  -30338 

Reference.'  The  following  text  was  prepared  for  A- 30339 

the  Institute  of  Radio  langinaortr  at 
their  Winter  Meeting,  Tuesday,  Marcs'  4, 

194?  In  Hew  fork  City 

Written  by $  Jay  W „  Forrester 


This  paper  Is  to  be  an  introduction  for  today  ' 0  secs! *  n 
on  electronic  digital  computers  rather  than  a  discussion  of  the  high¬ 
speed  computer  research  program  at  lid  T 


Before  embarking  on  the  subject  of  digital  computers, 
wa  should  first  clearly  separate  the  two  broad  class** s  of  computers  — 
the  digital  machines  ae  distiagulehed  from  analog  machine  e.  Analog 
com,  nt  era  measure  physical  quant  it  leu  ouch  &a  mechanical  motions  or  e]  c 
trlcal  voltage  a  to  represent  numerical  values  of  tno  computation .  J.xr 
pies  are  to  he  noted  In  the  mechanical  or  electrical  lire  control  coin* 
puters,  the  differential  analyser  and  the  electrica-  e-c  network  a  only  er. 
In  the  analog  machine  a  confuting  element  such  as  an  adder  or  an  into,  ffi.lt  r 
ia  required  for  each  methewat  IcaI  ope  rat  ion  in  the  problem  solution.  >uch 
a  collection  cf  commuting  element e  is  indicated  in  Drawing  A-30Z37 
the  analog  computer,  the  problem  t,  ,  solved  if*  deecrl  bed  by  the  piriyr  xcal 
connection  of  the  element n 


A  network,  of  connections  describing  n  particular  pro  .chi 
is  shown  In  Drawing  A- 30338*  The  analog  computer  when  set  up  for  an  or¬ 
dinary  differential  equation  gives  theoretically  a  corrsct  solution  _  n 
practice,  however,  the  solution  ia  United  in  accuracy  by  the  physical 
tolerances  of  the  component  mechanisms  and  by  stray  signs.!**,  mochauict 
hack  lash,  and  noise,  Precision  of  one  part  \n  one  thousand  io  good  end 
perhaps  one  pt< r t  in  ten  thousand  is  the  maximum  obtnl.neole 


On  tr e  other  hand  a  digital 
numerical  or  arithmetical  basis  -  numerical 
rather  than  physical  measurements  and,  ns  in 
0110  can  provide  for  ar  many  decimal  places  ns 
&n  ordinary  differential  equation  by  numerical 
inexact  because  a  contimxouo  process  has  been  replaced 
proceso  The  numerical  solution,  however,  can  be  made 
good  as  de aired  by  selection  of  more  decimal  place *  in 


computer  usee  number *i  on  *\ 
nines  are  handled  no  digit n 
the  dank  calculating  aact  ue 
dcalrwd.  The  solution  of 
is  theoretically 
with  a  step-by 
Arbitrarily  no 
the  calculatioi  a 


me  th  od a 


and  t  shorten' 


>  interval  between  solutions* 

In  bi*ewing  A- 30339  is  the  block,  diagram  of  a  digital 
computer  of  the  type  being  described  at  the  convention  today ®  I)hyeic?;i 
interconnection  of  the  computer  is  fixed  and  independent  of  the  problem 
being  solved,  iiach  element  can  transmit  or  receive  numbers  on  a  central 
hue  system®  Operation  in  mathematically  identical  to  a  human  operator 
with  a  desk  calculating  machine  and  notebook.. 


The  plan  or  sequence  of  calculation  is  known  a  a  the 
control  program  and  is  stored  as  a  series  of- coded  signals?  to  represent 
orders  for  arithmetical  operations-:  The  control  element  receives  fros 
storage  this  coded  information  describing  the  series  of  numerical  opera¬ 
tions  to  be  performed.  In  response  to  these  signalc.  the  control  trans- 
fore  numbers  in  digital  form  between  the  remaining  elements  of  the  cor  ■* 
outer. 

The  arithmetic  element  of  the  computer  is  limited  to  a 
few  basic  functions,  such  no  addition,  subtraction,  multiplication,  av A 
division-  All  other  operations,  as  for  example  integration  and  extraction 
of  roots,  arc  accomplished  by  series  or  iteration  methods-  The  arithcetic 
element  performs  a  single  operation  at  a  time,  receiving  inputs  from 
storage  and  sending  results  to  storage ® 


Two  other  nearly  indlepenslble  operations  are  perform  ad 
by  the  arithmetic  clement-  One  is  the  exorcise  of  choice  for  the  soles- 
tion  of  alternate  computing  sequences  depending  on  numerical  results  la 
the  computation*  The  other  essential  operation  is  the  substitution  order 
permitting  the  insertion  of  a  compi  ted  result  Into  the  controlling  program- 
for  example,  choice  of  alternate  computing  programs  arises  in  computation 
involving  termination  of  an  iterative  procedure  after  the  required  eorver- 
gene®  of  th<o  numerical  results  has  been  achieved-  A  simpler  and  more  5b» 
vious  application  arises,  in  engineering  problems  involving  the  discontin¬ 
uities  of  back  lash  and  Coulomb  or  static  friction.  The  substitution  order 
can  be  illustrated  in  the  process  of  Interpolation.  A  numerics,!  value  of 
the  argument,  for  example  x,  arises  from  the  computation  process®  This 
value  of  x  oust  be  used  in  the  control  program  to  locate  the  nearest,  value 
of  a  1  unction  of  x  f- 
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located  in  storage-  The  selected  values  of  f  (x  )  are  inserted  into  any 
desired  interpolation  formula  for  calculation  of  f  (x)» 

Storage,  which  in  electronic  computers  will  probably 
of  the  electrostatic  form,  is  perhaps  til®  moat  Important  part  of  the  com¬ 
puter.-  In  storage  is  retained  the  control  code  for  the  computation  at 
wall  a  a  partial  results..  It  corresponds  to  the  notebook  kept  by  the  human 
computer.  One  form  of  electrostatic  storage  will  be  described  in  the  paper 
by  Dr-  ha J Chilian® 


1  ‘l'ha  Input  me chnn  I.  ow  ;p  :.-c>  vide  &  communi cation  between  t.’.c 
human  opornfccr  ana  the  computing  machine *  it-  any  he  in  the  form  of  m  g- 
lie  tic  tap*  punched  taps,  ar  photographic  film  The  control  code  and 
initial  dq.t,s.  of  the  problem  prepared  by  an  operator  are  transferred  t<<  the 
storage  from  the  input  reading  raoehantacu  Mr,  Alejrandar  will  discus*  in¬ 
put  mechanisms  in  more  da tail , 

Output  from  oho  computer  car.  toe  in  several  forma-  Far 
human  use  the  output  can  toe  pre seated  graphically 'toy  photographic  mans 
or  in  the  form  of  printed  numbers-.  For  future  ana  toy  the  computer  itself,, 
the  output  can  be  In  coded  numerical  form  on  magnetic  tape  or  .photographic 
film .. 

Numbers  are  transmitted  aa  video  pulses  coded  in  group**, 

In  soma  computer  systems,  digit o  are  transmitted  in  serial  fashion  f ol l«w- 
ing  one  another  on  the  same  signal  line.  In  other  systems,  digits  in  all 
columns  are  transmitted  simultaneously  over  parallel  conductors. 

Most  research  groups  favor  the  binary  system  of  number 
notation  In  which  only  the  digits  sere  or  one  are  used.,  la.  th©  dinar,;  sys¬ 
tem  the  tv;'/-,  digits  can  too  represented  toy  either  the  presence  cr  absence 
of  a  video  pulse  at  the  proper  instant  of  time,,  Vacuum  tube  circuits 
need  exist,  :Ln  only  tv/o  states  and  the  freedom  from  graduated  signals  great¬ 
ly  enhances  reliability,- 

Historically,  the  firnt  attsmpt  to  build  a  digital  ccrapu- 
ter  was  financed  by  the  -British  government  in  about  1835,  Ths  conetnotion 
of  a  mechanical  computer-  controlled  by  a  sequence  of  punched  cards  ft iled 
at  that  time  because  of  inadequate  machine  tools  and  production  methed.  b> 

The  mechanical  computer  progressed  over  the  last  hundrod  years  .from  fcla 
adding  machine,  through  the  desk  calculator  and  the  punched  card  buslraas 
raaohin/i  r  to  the  Automatic  Sequence  Controlled  Calculator  at  Harvard  Ur.  fv cr¬ 
afty  O 

l 

Tho  mechanical  calculator  Is,  however,,  much  too  slow 
operation  and  limited  in  capacity  for  maay  of  the  pro blame  which  todaj  a  ad? 
science  and  engineering,.  Aa  engineering  activities  become  more  complex 
and  as  scientific  and.  mathematical  studies  become  more  daring*  we  encounter  i 
neo.l  for  greater  and’ greater  computer  speed,  capacity,,  and  flexibility 
Mr,  Crawford  will  discuss  for  you  typical  application®  of  digital  Comintern 
inquiring  high  computing  speed  and  storage  capacity. 

The  first  departure  from  tha  mechanical  computer  i®  jer- 
hap-ii  found  In  the  Boll  Telephone  laboratories  relay  computers  which  as 3  tape 
cont  rolled  and  tha  University  of  Pennsylvania  Hniac  whjLch  is  electi*onj.c  tout 
is  however*  set  up  for  a  new  problem  toy  manual  switch  and  plugboard,-, 
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I'rou  the'  wartime  developments  la  electronics  hnve.co  «« 
circuit  element e  and  technique  a  to  permit  extwr  elon  of  computer  ra,  ln 
over  those  non  existing  by  several  orders  of  at  gaifudis 

The  also  or  rating  of  a  dlg'-tf.l  computer  o an  ho  des¬ 
cribed  by  two  quantities  the  internal  storage  capacity,  and  the  com 
j  rut  lug  speed-  Storage  capacity  moftsureu  tae  computer  a  ability  to  e..,n 
controlling  program  Information  and  partial  muorical  results  Oomputlng 
npeed  laeaflures  the  practicability  of  uncier tafcitg  solutions  requiring 
millions  of  arithmetical  operations  While  existing  compute  re  have  an 
internal  storage  United  to  r  few  thousand  digits,  electronic  developments 
will  permit  storage  of  hundreds  of  thousands  of  digits  Where  coraf^U{' 
speeds  were  limited  in  mechanical  and  relay  computers  to  a  few  arithm  - 
tlcal  steps  per  second,  electronic  video  circuit*,  will  pash  the  1*pH 
sow  30,000  art  time  t.lcal  operatlone  per  second 

It  la  apparent  that  computing  speeds  of  mary  thousands 
of  operations  per  second  are  essential  to  the  colution  of  problem*  re 
qulrlng  hundreds  of  thousands  or  millions  of  operations  situations  1 
this  kind  arise  in  partial  differential  equations  describing  the  flow  oi 
fluids  and  heat  and  thn  ntudy  of  electromagnetic  radiation-  ^engt.ay 
aeriee  of  calculations  are  likewise  enocuntered  in  stress  and  uef  lection 
studies  of  structure*  and  in  the  behavior  and  stability  of.  complex  auto¬ 
matic  control  systems, 

Realization  of  computing  opcode  of  thousands  oi  opera¬ 
tlone  per  second  will  be  accomplished  through  controlled  video  pulses  oi 
one  to  several  nmgacycleo  repetition  rate  •  Computer  research  ie  directed 
toward  improvements  in  digit  storage  methods,  pulse  transformers,  svi -oh- 
ing  and  arithmetical  circuits  in  nemo  circuits  pulses  of  CKl  micro 
second  duration  at  a  5  megacycle  repetition  rate  will  be  required  To 
permit  step-by-ste.p  manual  control  of  a  computer  for  maintenance  purpose o 
many  of  thus*  circuits  must  he  d-c  coupled  and  yet  have  a  band  wid,h  - 
pe.su  3d  microsecond  pulses.  Pulses  in  most  circuits  normally  jppear  In 
ooncyclic  manner  so  that  operation  must  be  Independent  ot  repetition 

Radar  and  television  research  of  the  last  lew  yea,  a  iac 
established  the  foundation  fer  such  systems,  intensive  use  will  b&  wide 
of  pulse  transformers,  crystal  diode  rectifiers,  and  elect rlcai  do  ay 

llneso 

Developments  in  vacuum  tubes  leave  much  to  be  deo-  ~e 
reliability  and  especially  in  the  knowledge  of  those  factor*  that  in- 
f luence  and  predict  «<*  lUt  In  tlr  !dgl,  «f,..d  electronic  cc^u.er^ 
there  will  be  two  to  ter.  thousand  vacuum  tubes,  the  failure  oi  any 
being  sufficient  to  atop  the  computer 

Reliability  is  a  matter  of  major  concern  it*  computer  re¬ 
search,  In  many  electronic  end  comnnaicatior.  problems,  sw-.tic,  aalm  or 


634.5 

'.<srpri'-t  ifo  R-i.16 


o tilt i1  monen ,ary  disturbances  can  bo  tolerated*.  Her*,  however  ve  find 
that  the  momentary  appearance  of  ea  extrnneciuo  isigml  m ay  alter  the  order 
of  magnitude  of  a  numerical  value,  fide  tolar, ui.ee  ratios  intuit  Vo 
provided  between  signal  and  noise  level  and  bet* eon  transmitter  arid 
receiver  nlgned  spool flcatlonn.  Checking  circuits  ac.st  be  built  taco  the* 
equipment  wherever  possible  to  detect  end  indicate  is, proper  operation. 

In  spite  of  video  bond  width  requirements  of  10  to  *:Q  megacycles,  vacuum 
tuber,  must,  wherever  possible,,  be  operated  at  lees  than  rating. 

The  flexibility  of  a  computer  euo):  as  herein  dt ecu need, 
dial Inguishofl  it  from  previously  available  equipment  The  machine  in  con¬ 
trolled  by  data  available  to  it  from  tape  or  film  one  physical  arrangement 
of  the  computer  Is  not  altered  whan  a  new  problem  arises.,  Problems  can 
bo  setup  In  rapid  sue c 9 scion  and  the  operator  »en  return  to  any  provioue 
problem  in  a  mat  tor  of  seconds,  A  library  of  control  films  can  be  accumu¬ 
lated  and  selected  to  fit  new  probleme. 

With  the  now  electronic  computers,  wo  can  anticipate  the 
•eduction  of  eatup  tins  through  the  use  of  gen  or  allied  problem  programs 
each  of  which  would  fit  a  large  claea  of  engineering  situations.  Such 
generalized  programs  to  ba  kept  in  a  library  file  might  ba  Inefficient 
from  the  viewpoint  pf  a  specific  problem,,  Tfowo'ier,  the  high™ speed  com  ¬ 
puter  greatly  reduces  the  eophaeis  on  computing  efficiency  and  shifts  the 
omphaBlti  to  ease  of  (setup.  As  specific  examples  one  could  have  available 
programs  for  the  solution  of  a  nth  order  system  of  algebraic  equation® 
with  real  or  complex  coefficient n.  Solution  of  such  a  system  of  aquations 
would  require  only  entry  of  the  coefficient  a  end  the  numerical  value  of 
no  likewise,  the  multiplication  of  matrices  could  ba  so  programmed  that 
only  the  entry  of  numerical  value  a  end  the  dimension  3  of  the  mat  rice  a 
would  be  required. 
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